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Investit..... the Long-T..lntluenœ ofa.......... AcId

DepasItIon .nd Forest DIstu nœ on Soli Chemlstry .nd cation Nutrtent

SUppl_In. For ~ of SoutIIern Quebec

Most soils, streams, and lakes in northeastem North America have not reeovered

tram acidification $Ince the reœnt decreases in H2S04 atrnospheric loading as strang

dedines in base cation concentrations in soil solutions and surface waters have

exœeded the decrease in sol- concentration. FurtherrnOle, an excess of N in forest

soils due ID inaeasing NH3 emlssions in most parts of the wor1d muid mean higher

leveis of H+ ln the soIUUon and further removal rA base cations from the soli

environment through leachlng Iosses. In combinatton with intense forest harvestlng,

whlch remcM!S base cations from the sail-plant ecosystem, acidlc deposltlon muid in the

long-term result in a permanent 1055 of soil alkalinity and perhaps cation nutrient

defldendes. Soli chemistry and nutrition studies have not entlrely sucœeded in linking

the decline of North American forests with addlc deposition. The objective of this thesis

was tD validite the dynamic modeI SAFE (Soli Addlftcatlon ln FOI ested Ecosystems) in a

small cleciduous watershed of southem Quebec. SAFE muid then be used tD: 1) identify

whlch proœsses are govemlng addiflcatlon, and 2) assess the rates of addlfication

according tD various farest conditions.

Soli and soli solution chemlstry between unbumed and bumed zones foIlowing

fire dlsturbanœ seventy-ftve years aga was examlned wlthln the watershed. Results

showecl two major, statistlcally signlficant, dlfferenœs: 1) higher base status, and 2)

Iower sail solution N in the bumed zone. High quality Ieaf litter of aspen and birch

(bumed zone) relative tD thlt of suger and red maple (unburned zone) has canbibutl!d

tD the enrtchment of base cations ln the forest fIoor. The enrichment ri the forest ftoor

dld not ho\-sever Impoverlsh the 8 horizon as seen ln other studles. Rather, tire enrtched

the soilln base cations and butrered the etrect of forest regrowth in the Bhorizon.

The MAIŒDEP madeI WIS used tD reconstruà the tlme-series Input files neecled

ID run SAFE. In MAKEDEP, the avallability fi N determlnes ne growth whlmln tum,
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• affects mast of the prcœsses involved in nutrient cydlng. In that respect, we have

assessed the rnodeJ sensItIvIty tD N avallablllty al the study site for the unbumed and

burned conditions. The scenario that added 10 mmolc NKt m-l yr.l through bioIogical N

fixation and dry depositIon minus denlb'iftcatlon recreated N leaching rates with the most

precision for bath ftre histories. AddIng N tD the rnodeJ WIS necP55lry for: 1) trees ta

grow tu what was measured in the field, and 2) not tD underestimate canopy exchange

reactions and Iitterfail. Regressions of measured depositIon at the Hubbard Brook

ExperImentai Forest and that of stmulated depositlon at the study site suggest MAKEDEP

is sultable tD rnodeJ the depositIon trends fi ail elements exœpt Na.

SAFE WIS callbrated for the unbumecl and bumed conditions at the study site.

Fire dlsturbance and forest regrowth have produced dlfferellt soli chemlcal composition

wlthin the zones as dlsal5Sed abave. SAFE was theefore valldated at the study site as

a function of Ils abillty ta repraduce soli chemistry unc:ler unbumed ancl bumed

conc:IltIons. The simulab!d soli chemistry WIS in dase agreement with the measurec:l

unbumed soli conditions, but sorne prcœsses would have tD be darified or accounted

• for with greater accurately, e.g., biological N fixation and N immobilization bv
myccorhlzal rungl, tD reproduce more accurately the measured bumecl soil chemistry.

Simulated soli chemlstry ln the unbumed zone reinforœd neverthel! 55 the conduslons of

a few histDrical soli chemistry studies supportlng the hypothesis that acid-sensitive forest

sites of the United States underwent signifiant acidiftcatlon durlng 1930-1980 durlng

major input of addIty from the atmosphere. Modet PlojectIons in the minerai soli

suggest that a new steacIy-state should be reached in the 21- œntury assuming no

haNeSt. Assuming harvest in 2020 aeates unstable conditions whlch Ieads tD further

acidification and impoverlshment fi the soIl's base cation reserve in the minerai soli.

Madel output suggests that cation nutrient deflciencies muid occur in the Iong-term, but

future AI phytotDxic responses are unllkely tD occur due tD a relativelv high projeded

pH•
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Influence. long terme des perturbdloM foreItIires et des

cNpets .tnIcIlIphIrIq ~.r.. cam chimique du .. et ..
dlspanlbll cations d'un..,....

far"'" du qu6ll6cols

La plupart des sols, ruisseaux et lacs addlftés du nord-est de l'Amérique du Nord

n'ont pas retrouver des valeurs de pH normal depuis la réduction récente des dép&ts

atmosphériques de H2SOt puisque les baisses de concentrations en cations basiques

dans les solutions de sol et les eaux de surface dépassent encore largement les baisses

de concentrations de soi·. De plus, un excès de N causé par l'augmentatlon constante

des émissions de NH] à l'échelle de la planète favoriserait une hausse de H+ clans les

solutions de sol et, de ce fait, l'appauvrissement de la réserve de cations basiques par

lessivage. En combinaison avec les pratiques forestières intensiveS, lesquelles exportent

des cations basiques en dehors du système plante-sol, les précipitations addes

résulteraient éventuellement à une perte irréversible de l'alcallnlté du sol et causeraient

des déftciences en ca, Mg, et K. Les études portant sur la chimie du sol et la nutrition

en fortt n'ont PIS réussi entièrememt à faire le lien entre le déclin des forêts et les

dép&ts acides. L'objectif de cette thèse est donc de valider le model dynamique SAFE

(Soli Acidification ln FoIested Ec:osystem) dans un petit bassin versant de feuillus du

Québec mérkIonai pour qu'l serve ensuite à: 1) identifier les proœssus gouvernant

l'acldlflcatlon et 2) évaluer le taux d'acldlftcatlon selon dlve'ses conditions.

La composition chimique du sol et de la solution de sol entre une zone non­

brOlée et une zone brulée a été examinée soIxante-qulnze années après feu clans le

bassin versant. Les résultats ont démontré deux différences statistiquement

signiticatlws; 1) un statut en bases plus éIM et 2) des teneurs de N en solution plus

faibles dans la couverture morte et le sol minéral de la zone brOlée. La qualité

supérieure de la litière foliaire du peuplier et du bouleau (zone brOk§e) relativement à
celle de 1·...bIe i suae (zone non-brûlée) a contribué i l'enrichlssement en cations

bIsIques de la couverture morte. L'enrichiSSement de l'horizon aroanlque n'a PIS
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appauvri l'horizon Btel qu'obserJé dans d'autres études. Le feu a plut6t enrichi l'horizon

Ben cations basiques et tampon", l'erret de Il n§génératlon.

Le modèle MAKEDEP a été utilisé afin de reconstruire les fichiers temporels

nécessaires pour l'exécution de SAFE. Dans MAKEDEP, Il disponibilité de N détermine la

aoissanœ de l'arbre, et de ce fait, affecte la plupart des processus du cycle des

éléments nutritifs. Nous avons donc évalué la sensibilité du modèle à la disponibilité de

N pour les conditions brûlée et non-brOlée. Le scénario ajoutant 10 mmolc N~ m-z an*1

par la fixation biologique de N et les dép6ts secs moins la dénitrification a reproduit le

plus exactement les taux de lessivage mesurés sur le terrain pour les deux historiques

de feu. L'ijout de N lU modèle a été nécessaire pour: 1) que les arbres atteignent une

masse similaire à celle mesurée sur le terrain et 2) ne pas sous-estimer la conb'ibution

du pluviolessivage et la chute de litière foliaire. Les régressions pour les dép6ts

atmosphériques mesurés à la forêt expérimentale de Hubbard Brook et celles pour les

dép6ts simulés à la station d'étude suggèrent que MAKEDEP est valable pour modéliser

les tendances de dép6ts de taus les éléments à l'exception de Na.

SAFE a été calibré dans la zone brOlée et la zone non-brOlée. Le feu et la

n§génératlon forestière ont aéé une composition chimique du sol différente entre les

zones (voire d-haut). Le modèle fut donc valld6 d'après SI capacité à reproduire la

chimie du sol dans les zones brOlée et non-brOlée. La chimie simulée clans la zone non­

brûlée ressemblait à la chimie mesurée sur le terrain, mals Il aurait fallu éclaircir ou

quantifier avec plus de précision le r6Ie de certains processus (e.g., fixation biologique

de N et Immobilisation cie N par les mycorhizes) pour bien reproduire les conditions dans

la zone brOlée. Néanmoins, la simulation dans la zone non-brOlée appuie les études qui

sous-tendent que les farits propices il l'acldlftcatton dans l'est de l'Amérique du Nord ont

subi une acidification importante paf les précipitations entre les années 1930 et 1980.

Tel la présomption d'Iucune opération fol estIère, les projedions suggèrent que le sol

atteindrait un notM!f e§qulilbre au cours du 21- siècle. En présumant une coupe,

l'Instabilité dominerait et mènerait à une acidification et une perte d'éléments basiques

dans le sai minéral. Les projections du rncdIe suggèrent qu'il pourrait y hOir des

d6fk:ienœs en ca, Mg et K dans un IW!I'Ilr prochain, mals qu'une réponse il la tDxicitI§ de

AI est peu probable puisque les PlojedIans de pH sont assez"s.
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CONTRIIU liON TO KNOWLEDGE

The chapters presentl!d in this thesis contain new ftndings which expand further

our knowledge about the etrect « adelie precipitation ancl forest disturbanœ on soli

chemistry and about sirnulatlng soi1 chemistry in dedduous forests rA eastem North

AmerIca uslng adynamie approach. Major contributions tD knowIedge are as foIlows:

1) At the study site, regrowth ri post-ftre specles (aspen and birch) have contributed ID

the enrlchment of base cations ln the forest floor as compared wIth the unbumed

rnaple dominated stand. In studles wtth poorIy buffered salis, a high quanty leaf IItter in

slmllar post-flre forest stands has been often assodatl!d wtth a more Intense acidification

of the underlylng B horizons as base cations are transferred from the minerai sail tD the

canopv and then tG the forest ftoor through litterfall or follage leaching. At the study

site, however, the hlgher exchangeable ca, Mg, ancl Kcontent in the forest fIoor of the

bumed zone was not accompanled bv an Impovertshment of the B horizon. Rather, the

B horizon had a greater base saturation and exchangeable ca and K relative tD

unbumecl conditions. No signlficant differenœ in cation exchange capadty between the

zones were round which suggests that the greater concentrations tA exchangeable base

cations in the minerai soli d the burned zone does not originate from intrinsic

charac:teristfcs cl the parent rnaterial. Henœ, the data supports the hypothesis that the

forest ftre enrlched the soli in base cations and bu1rered the etrect of rapld forest

regrowth ln the minerai B horizon;

2) Reduced plant uptake ancl lnaeased mlnerallzatlon of nutrlents immedlately alter ftre

disturbance inaeases nutrlent availabillty in the soil system. An inaease in pH and

nutrtent availabliity Ieads ID the growth rA the nitrit'ying bacteria community 50 that No,­

leaching in dedduous stands fi easœm North America is usually enhanced after the Ioss

rA the forest aNet, but the etrect seldom lasts more than 5 years. At the study site,

current leaching rates rA N....+ and No,- are Iower in the bumed zone than in the

unbumed zone which suggests that mechanisms rA soli N retention are assodated with

the deveIopment rA pioneer (post-flre) and mld-sucœssianal spedes.. Results show that

higher N demand bV regrowth Œ aspen and blrch has contributed tD Iow NKt+ and NOJ·

mobilty tha" unburned sitI!s, but Iow N mobility cauld have been also favaured directly

bv fire through voIatIIlzatIon and intense leachlng in the few years foIlowing dlsturblnce.
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Based on the above, we bring forward the hypothesis that the aeation of a N pool"

environment has biggered the phase-out fi the soli bacterial communlty associated with

the mature maple stand and a replacement wlth mycorrhlzae. Then, the net
, assimilation and exudation d minerai N by mycorrhizal fungi would have resulted in a

greater immobllizatlon cl minerai N than with baderia and in further decreases in the

rates cl nitrification and NOi leachingi

3) In the MAKEDEP modeI, the availabillty of N determines tree growth which in tum,
affects most of the PIocesses invalved in nubient cyding. Currently, this modeI is being

used ta recreate time-serles input files far applications of the SAFE modeI. Law growth

and accumulated nutrlent uptake recontructed wtth MAKEDEP prtor ta the onset of

industrial air pollution were shawn ta be poorIy modeIleci because of a lack of available

N. We demonstrateel that an inaease in N avallability from biological N fixation and dry

deposition minus denibificatlan wu neœssary for the trees ta grow. In addition, we
have demonstrated that underestimating forest biomass would induce large errors in the

estimation of cydlng proœsses such as plant uptake, canopv exchange and litterfall. In

tum, thls has a direct effect on the balance of nutrients (clemonsbated here with N)

calculated as the resldual component ri proœsses acting as sources ancl sinks of those

nutrient5i

4) MAKEDEP uses relative CUNeS (0 ta 100% of maximum) of European emissian of

major elements ID recoriSb uct deposItion hlstory. Assumlng that deposItIon of an

element foIlows the same pattem as emission cl that element, deposltion cl an element

can be reconstrue:ted by scallng Inta the pat current values of deposltion using standard

curves cl emission. European depositIon patterns ln the MAIŒDEP model are however

dltrerent tram those of eastem North AmerIca. To verly the appllcabillty ri MAIŒDEP ta

recreate the trends ln atmospheric deposltlon of major ions in eastem North America,

we have assembled estImaœs of emlsslons ln the Ilterature for dlfferent Ume perIods.

Slmulated trends in depositIon of ail elements at the studv site (with the exception of

Na) were slmllar ta those measured between 1963-1992 at the Hubbard Brook

ExperImentai Forest, New Hampshire, suggesting that these standard curves are suitable

for simulatlng depositIon d mast elements eIsewhere ln easœm North Amertc:a. The

standard CUNeS cl emlsslons far eastI!m North AmerIca are avallable via the Internet
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through the Biogeochemistry Research Group, Deparbnent of O1emical engineering fi,

Lund University (web site: www.chemeng.Ith.se);

5) Evidence tram tree ring chemlstry supports the hypothesls that base cation depletion

and addlfication in the forest soils of eastem North AmerIca occuned during

approximately the period 1930-1980. Simulated soil chemlstry using the SAFE modeI

relnforœs the condUSlan5 fi the tree ring research indlcating that the largest changes in

soil chemlstry occurred between the same period and were associated wIth the

deposltion of strong acids fram the atmosphere. 11115 period Œ signltlcant soli

acidification corresponds exactIy ID the perkxI when poIluted atmospheric deposltlan

contributl!cl the most acldlty ID the forest ecosystem whlch 15 reftected in the SAFE

modeI by the standard curves deveIoped ln Chapter 2: 50. emlssions Inaeased by about

3-foId beb;Jeen 1930 and 1980, whereas NO. and NHx emlsslons more than doubled;

6) HistDrtcal base saturation data « mor layers ln vartous eastem North Amertcan

foIests Indlcate that ackllfteatlon occurred malnly bet\~een 1940 and 1970.

Furthermore, signiticant acklificatiCl1 and cal + losses in organic horizons of mixed

spruee-hardwaod sites ln the Adirondack region of New York were observed durtng the

time period 1930-1984. However, simulated forest ftoor acidlty using SAFE dld not

exhiblt a large decrease ln pH as seen abave. The madel output thelefore suggests that

the soli exchange complex in the forest ftoor i5 mainly determined by: 1) organlc acids

whlch aeate a naturally Iow pH, and 2) the large flux of base cations in the sail through

cydlng processes such as dry deposItion, throughfall, and Iltterfall.

7) Sorne researchers antldpete a decrease ln base saturation and soil solution pH IntD

the 21- œntury as base cation Inputs fn:m the atmosphere (because rA more efficient

industrlal dust coIlectDrs) will decrease even more, aclclfying compounds (i.e., N

spedes) will continue ID inaease, and harvest opetatlon5 are lilœly ID augment in

intenslty. Our conœm was that acidification may already Mw brought the cation

exchange pool ln the minerai soli ID a Iow point 50 that ft may take centuries for the

system ID recover. Assuming no harvest IntD the next century and the best-ease

scenario of strong add depositIon, projectl!d soli chemistry wIth the SAFE rncxIeI in the

minerai soli suggests that the bllance bet.vJeen ackIIty and alkalinity in the MW œntury

is leading tDwanis a new steady-state as no major change iS simulated. Msuming

harwst in 2020 Ieads tD further acidIfIcItIon because fi g.... cation nutrlent
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demands. These results show that even wIth the best-ease scenario of deposItion,

southem Quebec hardwoad forest soils are very acId-sensItIve.

8) Values for AI concentrations in the soil solution where 10% and 50% of the studies

on tree spedes show negative efrects were 0.07 mNand 0.4 mNof AI, respectIveIy, and

values for Ca:AI moIar ratios vere 6 ancl 0.8, respectIveIy. If we acœpt the assumptlon

that the amount cl total dlssolved AI Is controlled bv the precipitation of mlaacrystaillne

gibbsite, we found that the pH values whlch corresponc:I tD a SO% LOAEC is 4.4 for

forest sails. Based on the SAFE model pH projections, we belleve it is unlikely that

phytotoxlc AI responses ln hardwaods ri southem Quebec will occur, even if harvest

operations are planned•
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0.1 5ueceptlblllty of Sol" ID Addlllcdon

Soli acidification Is a natura! pr'œ!55 that contrlbutes ID soil formation. Most soils

will become acidic if thev are expased long enaugh tD atmœpheric deposition which

causes leaching of base elements contained in the sail. Soils that support plant growth

are addifled as weil since uptake of cation nutrients bv l'OO1S Is accompanied with H+ ion

reIease. More than 2000 years aga, liming was clone commonly bv the Romans tD

improve agriculture production on addlfied sails (Wild, 1994). Acid sails have therefore

always existed and many regions around the globe exhiblt similar conditions today.

Most of the sdentlftc community now belieYes that atmosphertc acid deposltlon

Inaeases the rate of soil and surface water addiftcatlon (Johnson et al., 1981; van

Breemen et al., 1984; Reuss et al., 1987; Kirchner et al., 1992; Ulœns et al., 1996;

Markewttz et al., 1998; friedland and Miller, 1999). Moreover, it is believed that

poIluted precipitation has deletertous etfects on terrestrtal and aquatlc ecosystems as

evidenœ of forest decllne and Ioss of fIsh stDcks inaeases (Schlndler, 1988; Joslln et al.,

1992). Reuss et al. (1987) expIalned that regions characterized bv carbonate-free and

highly sillœous bedrock (e.g., granite) wIth thln salis were most likely to be addified by

atmosphertc deposltton. It Is therefore not atmospherlc add deposltlon alane that has

set cIf widespread acidification but rather a combinatlon of poIluted air with poorIy

burfered parent material. Part of northeastem Ontario, southem Quebec and the

Adirondack Mountains of New York stale are reglons of eastem North America (ENA)

with suc:h bedrock composition ancl have sails exhibiting the highest sensitMty to

atmosphertc ackI deposltion. Southem Sweden and Norway are areas greatly affected

in Europe. Today, throughout these sensitive regians, many folested ec:osystems grow

on salis with marginal fertillty and thousands cl lakes and hundred of thousands of

kllameters cl strearns and rtvers are al a pH leveI beIow normal (SChlndler, 1988).

o.z COncept of 5011 Addlty

ln farest salis, the exchangeable cations that dominate the exchange complex

are ca2+, ~+, ~, Na+, Al3+, and H+. On the one hand, free AJ3+ in the sail solution

behaves as a weak acId as it hydrolyses reldlly tD form AI-OH complexes releaSing H+•

2
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These complexes may also Kt tD reslst a decrease in pH as they react wIth H+ tD form

HzO and other AI-QH specles or free AJ1+ (Blnldey and RIchter, 1987):

AI(OH}, + H+ .... AI(OHh + H+ .... AI(OH)2++ H+ .... AlOH2++ H+ .... Al3+ (eq.O.1)

On the other hand, cal +, Mt+, ~, and Na+ do not hydrolyse readily in the soli

solution 50 that they are often referred in soli terms as base cations (Binkley and

Richter, 1987). The soil exchange complex is therefore being ackfified when rAz+, Mg2+,

~, and Na+ are replaœd bv H+ and Al1+. PIotDns will mostIy exchange with base

cations ln organlc layers, whereIs AJ'+ will displace base cations ln the minerai soil. The

soil environment also acidifies as a whoIe when bise cations released tu the soil solution

by exchange reactIons exit the system thraugh leachlng. In salis where the input of H+

is hlgh and the reIease d exchangeable base cations by weathering iS Iow, there may be

an Incomplete neutrallzatlon cl H+ ln the soil solution and ln tum, there may be a net

inaease of addlty in the soil solution (Vin Breemen et al., 1984).

Conversely, sail alkallnizatlon is the addition ~ base cations on the negatively

charged soil surfaces. Addlng a neutral salt such as KaS04 tu an acidic sail system

inaeases ~ aetlvlty and in tum, causes displaœment of adcI cations from the exchange

sites as cations in solution ancl cations on the exchange sites reach a new equilibrium

(Hendershot et al., 1991). In reIativeIy neutral soIls, only small exchanges of addity

occur. Inaeases ln soli alkallnlty are more notlœable in ackI soils (pH -4) $Ince a larger

proportion ri AJ1+ is replaced bv ~. SUbsequently, acidification d the soil solution

occurs as the reIease of AJ3+ intu the soil solution causes the aetMty of H+ tD inaease.

Base catiOnS added tu the soli system from minerai weathering ancl atrnospheric

deposition can aeate a simil. situation where bise cations are adsorbed on the soil

exchange sites tu replace ackI catiOnS.

0.3 Bulferlng Proc•••• In SOI"

In the soli envIronment, solution pH alane cannat desatbe accurately soli acidlty

as many pnxeISes ad: 50 that the addition of H+ tD the soil system does nat always

result ln an lnaeased H+ actIvIty ln the soli solution. The mast Important buffer

mechanlsms for soli solutions are descrlbed here, exœpt far cation exchange whlch WIS

dJsassed previously•
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The carbonate system in'JOlves a relatlvely weak bufrering pror! 55 that is a result

cl~ dissalving in water. The HzC03 that is formed has a ftrst ackI hydrolysis constant

(pK.) ri 6.3 and therefore, lt may be dlssodated ID H+ and HCOi ln soIls with pH values

. œtween 5.3 and 7.3 (Reuss and Johnson, 1986). The dissociation procIuds are

consumed ln a reactIon wIth CIC03:
CIC03 + H+ + HCOi ... ca(HC03)z (eq. 0.2)

The reactIon provIdes a buffer for the soli solution sinœ ca(HCO,)2 is Vf!SY

soluble and leaves the sail in leachate. The soli~ partial pressure Is typIcally higher

than in the abnosphere because of the decompositlon of organic matter by

microorganisms. In soli envlronments with pH values dose tD the pK. values of H2COJ,

the dissociation cl HzC03 15 generally the mast signlftcant H+ source <Van Mlegroet and

Cole, 1984). The carbonate system falls, however, ID aeate or buffer addity at pH

under 5 as HzC03 does not dlssodate readlly (van Breemen et al., 1986).

Hydrolysls of primary, secondary, ancl amorphous silicate minerais consumes H+.

For example, when an orthocIase feldspar Is transformed IntD kaoIlnite, two H+ ions are
consumed and two K+ Ions are released from the feldspar minerai structure (Blrkeland,

1984):

2KA1SIJOe + 2H+ + 9HzO ... K.AlzSi2Ot + 2~ + 4KtSi04 (eq. 0.3)

The amount cl H+ removed tram the sail solution by hydrolysis varies among
minerais (Ritd1ie, 1989). Aluminum Is not very soluble over the normal soil pH range 50

that lt generally predpitates near Ils site of release (as shawn in equatlon 0.3). At a pH

beIow 5.0, inaeased H+ ac:tIvity ln the sail solution aeates, ho\~, a new equlllbrium

where more AI is dissolved. COI1sequently, any minerai containing a large proportion rA

AI (e.g., kaoIinite) has Iess ability 10 buffer sail solution than one contalnlng a greater

proportion rA base cations (e.g., feldspars). Furthermore, the bufrering ability ri a

minerai containlng base cations inaeases with its susceptlbillty ID weathering. The

more weatherable a minerai containing base cations, the greaœr is the amaunt rA base

cations released during dissolution.

ln salis containing organic matl!rial, exchange sitI!s arise tram the dissodatian of

carboxylic (COOH) and phenoIIc (COH) functlonal groups present at the surface of humic

and fulvlc acIds (Evans, 1994). AcIdIfIcatIan fi the sail solution Is then!fae often

4



• delayed slnce the negatlVely charged surfaces can be protonated after addition of H+ ta
the solution:
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•

>COO· + H+ >COOH (eq. 0.4)

>00· + H+ >COH (eq. 0.5)

ModeIs have been developed ta assess the number of binding sites at dlfferent

pH values. carboxyl groups dlssodate bet\W81 pH 4.5 ancl 7, whereas phenolie

hydroxyt groups dissodatl! at pH higher than 7. Above or beIow these pK. values,

functional groups would theoretically Kt ta buffer a decrease in sail solution pH as

organlcs would protonate (Reuss et al., 1987).

Slmllarty, H+ dlssodates from the surfaces ri AI and Fe hydrous œddes and tram
the edges of day minerais (SpositD, 1981). This gives a pH-dependent negative charge

that behaves like the funetional groups fi organle ackIs, i.e., the number tA negatively

charged surfaces inaeases as pH inaeases. Hydrous oxides can become positively

charged at Iow pH by adsotptlon of H+ and consequently, they ad as a buffer for sail

solution pH:

>FeO- + H+ ..... FeOH' + H+ ..... >FeOH2+ (eq.0.6)

Bincling sites are more abundant on structurally disordered material as surfaces

and edges ri which pH-dependent charges arise are more abundant, e.g., imogolite and

allophane.

SUlfate adsorption capadty has been consldered an Important parameter for

assesslng the effects of atmospheric ackI depasItIon on forest soils (Fuller et al., 1985).

Sulfate adsoi~ is a conœntratlon-dependent proœss, i.e., the amount adsorbed

inaeases with inaeasing sol- concentration in the soil solution (Reuss and Johnson,

1986). Adsorption of StJ.2• can contribute ta an inaease ln pH resultlng from the auto­

protoIysis fi water after replacement ofO~ groups on the soli surface bv 50.2- (Chao et
al., 1965).

GA Add ....11IIng c.pwItf of Sol"

One can determlne with a charge balance If the addition fi an acid or a base will

affect the pH ri a soli. The addition ri a strong add IntD the soli solution does not mean
that the number of H+ will lnaease prapartIonally. At pH values abave 6, the

concentration ri HC(),- will decrease insteId, and at Iow pH, AI conœntratlan ln solution

5
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may inaease or organic functlonal groups may be protonated. Soli acidlty 15 better

defined bv the acid neutrallzing capacity (ANC) whic:h is dlrectly influenced by the

addition or depIetion Œ H+. The ANC can be calaJlated with the slmpllfied equatian

, given bv Warfvlnge and Sverdrup (1995):

[ANC] = [OHl + [HC031+ 2[C03~ + [Rl- [H+] - n(AI""'] (eq.0.7)

where R- denotes the anion concentration of arganle adcIs (RH). The ANC is normally

around 0 et pH values between 4.6 tD 5.6. Positive ANC represents alkallnity and a

negatlve ANC represents ackIty.

0.5 SOurces .nd Slnks of Addlty ln Folut Sol"
A number of natural soil ackItIcation proœsses have been recogniZed for a long

time. These proœs es contribute H+ tu the soil system and can promote soil

acidification through the leachlng of base cations. On the other hand, reactions

consumlng H+ may slow down the acidification of the soil as base cations adsorbed on

the soil surfaces are Iess IlkeIy ID be reIeased ID the soil solution. The soil envtronment

has many proœsses that produce or consume H+.

The net: assimilation of base cations and NK.+ Ions bv plants can contribute

signiftcantly tg a deaease in ANC. In this case, H+ ions are reIeased from the plant

roots and exchanged for base cations in the soil solution (Matzner and Ulrich, 1987).

The Ioss of ANC is temporary If the base cations taken up by vegetation are returned ID

the soi1 ln Iltœr or by the death of plants. In commercial forests, however, h.-vest

removaI is the principal proœss by which base cations are removed fram the soil-plant

ecosystem, resulting in a permanent Iass of alkallnlty (Fi!derer et al., 1989). Uptake of

one NO; tri a plant root reIeIses about one Otr, whereas assimilation of one NKt+

releases about one H+. Slnœ complete nltrltlcatlon of one NKt+ produces two H+ ions ln

the soil system, the assimilation of NKt+ by plants acidifies the soil tu the same extent
as If It were transformed tg NOJ- and then taken up bv W!getation in exchange for OH­

(Warfvlnge et al., 1998)

0XIdatI0n cl NH.+ ID NOJ- bv chemoautDtrophlc bac:terIa Is favoured bv a rtse ln

sol temperature ancl moisture, often triggeI ed by the removal of forest aNer (UIœns et
al., 1970; Dahlgren and DrisœlI, 1994). AddIc soil conditions slow down the grawth of

6
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mlcroorganlsms and in tum, nltrtflcatlon rates (Gilmour, 1984). The reactIon procIuœs

H+ as foIlows:

NKt+ + 3/20z ... NOz- + 2H+ + H20 (eq. 0.8)

N(h- + 1/2 Oz ... NOJ- (eq.0.9)

5imilarty ta the oxidation cl NK.+, the supply of adc:Ilty is brought by fertilization

with N-eontaining substances (Kennedy, 1992). The arnount of H+ produœd by N

treatments will vary accordIng ta the type of fertlllzer applled:

Urea

(NHz)~ + 402 ... 2NO,- + 2H+ + CCh + H20

AmmonIum sulphale

(NKt)ZS04 + 40z ... 2NO,- + soi- + 4H+ + 2H20 (eq. 0.11)

Nitrate is used as a terminal electron acœptw by heterotrophic bacteria growing

anaerobically (StDuthamer et al., 1980). The exact reactions are not known, but the

general trend of the reactions is ID consume acidity as N03· is transformed ID NOz-, NO,

Naa, and then Nz. The transformation reactIons can came ID a stop at any stage, but Nz

and Nt<> are generally Iost in larger amounts, wIth N20 dominating in soils that are not

tao Iow in oxygene

Atmosphertc deposltlon adds acldlc compouncls ID the soli envlronment

(Warfvlnge and Sverdrup, 1995). The combustion of cœI ancl ID a Iesser extent of 011

has contrlbuted ta atmaspherlc depositIon of H:l504 and HN~. SUlphur dlaxlde is

emittl!d into the atmosphere durlng combustion cl fossIl fuel. Whlle sorne SOz Is

deposIted dlrectly an salis and plants, other rnoIecules are transformed ln the

atmosphere ta sa, through cornplex reactions with reactIve hydroxyl radicals. SUlphur

trk»dde is liter dlssolved in water Vlpour CI" droplets ID form HzS04:

SOt + 0 so, (eq.0.12)

so, + HzO HzS04 (eq. 0.13)

The main N products resulUng from combustion of fossIl fuels are NO and Nez,

often referred tu as NOx. These rnoIecules are transformed in the atmosphere to HN03

after reac:tlng wtth ozone and hydroxyl radIcaIs:

NO +03'" NOz+Oz

Nez + HO.... HN03
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Abnospherlc deposItIon rA NHt+ occurs through the voIatillzation of NH3 tram

manure or soils treated with ammonium fertllizers. Ammanla is emltted tD the

atmosphere in amounts roughly equal ta NOx. Once NKt+ is transfonned tD NOi in the

, soli environment as shown by equatlons 0.8 and 0.9), thls source of H+ becomes as

slgniftcant as HN~ deposIted from the atmosphere. When atmosphertc deposltion

Interacls with the canopv, Il may becDme more addic after the washoff of aecumulated

dry deposition or through the leaching rA organic acIds from the leaves and stems cl

trees, I.e., thraughfall and stemftow, respectIveIy (Reuss and Johnson, 1986).

DepositIon could become Iess addlc, however, as exchange reac.tIons between H+ in

atmospherlc deposltlon and base cations ln the plant tissues occur.

The oxldatlon of sorne terrous sulphlde minerais, for example PVrite, raelSes H+

(Blnkley and Richter, 1987):

4FeSz + 1502 + 8H~ .... 2fez03 + 16H+ + sso.z- (eq. 0.16)

The situation Is rare ln forest salis as pyrite Is formed under reduœd conditions

such as in marine and estuarine days, although it rnay be naturally present in other

types of parent rnaterial. It can also be formed from coal mlning. The soils that inherlt

such mine talllngs are known as add sulfate soils and can Iead ta conditions as addlc as

pH 3.

Sulfate reduetlon tD H~ by heterotrophlc bacteria is an Important form of

respiration in sails. SUlfate is absarbed and then aetlvated with adenosine triphosphate

(ATP) tD form adenosine phosphosulphate (APS). APS can be directly reduœcl tD HzS

with eatalytic APS enzyme reduetase (Thauer and Badziong, 1980). The overall effed: is

rA an alkallne nature sinœ the strong ackI HzS04 Is converted tD the very weak acid H2S,

but this only ocans under strongly redudng conditions.

0.1 SOli Acldltlatlon _ ......~Ac:IdDep_

aver decades, changes in the acidity of forest salis can be very clynamic.

Changes in soil ac:kIty have been attrIbuted tD the alteration of the base cation reserve

under the influence of spedes composition, forest growth ancl harvest 0peIatlans (Albin,

1982; Brand et Il., 1986; France et al., 1989; Federer et al., 1989; Binklev and

Valentine., 1991). In more reœnt studIes, however, the œ-analysis of hlstDrlcal and

• reœnt sail $Impies suggest that the timing ancl magnitude cl soli ackIlfIadian in folests
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of ENA are betIer expIalned bv Inaeased H+ Input from atmospheric deposltlon. Here

are a few examples:

1) Shortle and Bondiettl (1992) examined the trend of exchangeable ca2+ and Mg2+ in

senSitive humus layers fi ENA startlng ln the 193O's. The trend based on diverse

studies dld not permit a direct statlstical analysls because « the dlfliaalties in weightlng

each data set. Nevertheless, measured exchangeable ca2+ and Mg2+ prior tD 1950 were

consistently 150 ID 300 mmolc per kllogram ri organic soil, whereas exchangeable ca2+

and Mg2+ alter 1970 were consistently bebN 100 mmolc per kilogram. The decrease in

exchangeable cations was belleved ID be the result of inaeased atmospherle Ioadlng of

strong adds as air pollution started being a conœm araund 1950;

2) Soil chemical changes ln 48 mixed spruce-hardwood sites ln the Adlrondacks of New

York were examlned over a 50+ year period (Johnson et al., 1994). Moderately add

organic horizons (pH>4) showed substantial deaeases in pH and extraetable ca, whlle

extraetable ca of strongly ackI arganle horizons (pH<4) and A horizons also significantly

decreased, but pH values remained unchanged. Atmospherie add deposition was

believed ID be the cause of inaeased ca leaching in the later part of the œntury.
Mineral dissolution helped balance addlty addition in the B ancl C horizons as no

acidification occurred;
3) At the Hubbard Brook experimental forest (HBEF), New Hampshire, the chemlstry of

bulk precipitation and stream water has been measured over the last thirty years.
Ukens et al. (1996) suggested that large quantitles of cal + and Mg2+ have been Iost

from the sail complex and exported bv drainage water because fi inputs of strong acids

in precipitation beginnlng around 1950-1955, with HzSO. c:ontrlbutlng 55 ID 75% of the

measurable addlty ri rain and snow. At the same tlme, It is belleved that decreases ln

base cation deposition Ied ID an acœleratl!d acidification ri the soil complex;

4) Tree ring analysls was usecI ID establish the reIationships between acidlty inaeases in

atmosphertc deposition and changes ln soil solution chemistry. BondIettI et al. (1989,

1990) observed anomalies ln the radiai concentration trends ri dlvalent base cations ln

stemwood ri red spruœ (PIt:rM Nbt!ns sarg.) stands of New England, Tennessee and

North caronna. Tree rings ~ the miel 1900'5 shcftved high leveIs ~ dlvalent bise

cations, but tree rings ~ the 1... part ~ the œntury showed signlflcantly Iower

c:onœntratlans. The Inaeased leveIs tI clivaient bise cations were attrIbutBd ID an
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inaease of divalent base cations in sapwood. The changes in sap chemistry came tram

an acœIerated reIease of base cations inID the soil solution which were believed ID be

caused by inaeased atmospheric Ioading fi strong acids beginning around 1950. The

, decreu-se in divalent base cation leveIs in more reœnt tree rings is expIained by the

reduœd avallabliity of base cations toIlowing the acceleratlon of leaching tosses, and

perhaps, by antagonistic effects d AJ3+ on cation nutrient uptake (Cronan and Grigal,

1995).

0.7 F.te ofT......... For- ....... on Acldlfled Sol"
e1earty, dilute H2S04 and HNQ, solutions brought intD an ecosystem by

precipitation lnaease base cation and AI leaching. The recent decrease ln the emlssion

of S ln ENA should therefore be benefldal far the reaNefY of acklifted soils and surface

waters. However, DriscoII et al. (1989) observed that changes in stream pH at HBEF

were relatlvely small during the 1980'5, regardless of the tact that the pH of precipitation

inaeased. It is possible that the depositlon of HzS04 and HNO, may still be tao high

and clecreasecl loading of these strong acids ID the soil environment may only have

caused a decrease in the rate of acidification. Furthermore, the considerable

Improvement rA Industrlal dust coIledDrs over the last 20 years has contributed ID the

decrease in depositIon fi base cations. Rates rA decrease of base cations in

precipitation have been simllar ID those rA S04~ as combustion is the major cause fi

bath emlssions (Hedn et al., 1994). As a consequence, supply rA base cations ID the

sail envtronment, whlch accounts for alkallnlty, has been reduœd considerably.

StDddard et al. (1999) showed that most streams and lakes in bath America and Europe

have not shawn any slgn of recavery as strong dedines in base cation conœntrations in

surface waters have exceeded the decrease in so.2. concentration.

Moreaier, NH3 emlssions are inaeasing in most parts of the worId, partia,lIarly in

deveIoping countrles (e.g., Republlc« Cllna) where emlsslons muid rise by 3- ID 4-foId

withln 50 years (Galloway et al., 1996). An excess fi N ln forest soIls coupled wIth

global warming and ina!15ed nltriftcatian muid RIeIn higher lfM!Is fi H+ in the solution

and further removaI cl bise cations from the soli environment through leachlng lasses

(Van Migroet et al. 1992). Over the Iast 30 yelrs, narthem Europe and 5candnavia

have wttnessed substantlal Increeses in plant growth due tD lnaeased N avallabliity

10



•

•

•

(Wright and van Breemen, 1995; Binldey and H6gberg, 1997). Although a similar

response has yet ID be demonsb'ated throughout ENA, growth rates were shawn ID have

inaeased in sorne forests ri New England (Aber et: al., 1998). Uptake d cation

nutrients would be expected ID inaease with inaeasing growth rates and in tum,

depIetIon ri the soil base cation pool would occur.
Nitrogen fertilization experiments provide insights on how Iong-term atmospheric

N deposition may affect soil adcIity. In general, soil solution pH was signlftcantly

ctecreased (up ID 1.0 unit) as a result ri moderate (35 kg ha-1 yr-l) tD high (70 kg ha-1

yr-l) inputs of N during a 10 year period (see review bv Binkley and H6gberg, 1997). It

is sare tD say that soils supportlng non-eommerdal forests in ENA could become

signiftcantly acidlfled after about 100 yean assuming that they reœive an average of 10

kg N ha-1 yr-l from precipitation. Commercial forests, on the other hand, coulcl be

addified significantly weil within that 100 years tlme period assuming that, in addition to
the 10 kg N ha-1 yr-l from precipitation, the forest ecosystem Iœe about half d the base

cations c:ontalned in the stand bIomass toIlowtng stem-wood harvest wlthin that 100

year periode

ln reœnt years, soil chemistry and nub'ition studies have not entirely sucœeded

in linking the dedine ri ENA farests with atmospheric loacIing ri strong acids (loslin et

al., 1992). However, atmospheric ackI deposltion is still a conœm ln regions of ENA

such as Quebec since they are major reœptors cl air poIlutants transported aver long

distances and contain forested ecosystems in poor health on soils wIth marginal fertllity

(Oulmet and tamiré, 1995). In southem Quebec, symptDms ri forest decllne haw been

observed mainly in sugar maple (Acer saaharum Marsh.) stands, but also in other

hardwood fol ests (Clmlré et: al., 1990). The decllne cl sugar maple in Quebec has Ied

sorne sdentists, poIIticians and maple produœrs ID thlnk that atrnaspheric acid

deposition is jeopIrdlzing the health ri these folests. Howew!r, the majority cl the

scientlfic communlty has yet to be convinced. Various ather sbesses, such as insect

attaeks, frost damage and drought, are known tD place a strain on the vigaur of forest

stands (C6Ié and OUimet, 1996).

It was suggesœd that the present atrnospheric IoIdIng d 5 ancl N may cause

cation nutrlent defIcIendes that c:auld leId tD the dedlne of conlferaus ancl deckIuous

stands ln Ontario and southem Quebec (Arp et al., 1996; OUlmet et al., submltll!d). On
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the other hand, Binkley and H6gberg (1997) suggested that the magnitude of pH

changes due ID atmospheric acid depasition is irrelevant for forest productivity and that

any effect d soil pH on growth 15 overshado~ ..sed bv the beneftdal effect of hlgh N

. avallabillty. If thls is true, then sail acklty should not be used as an IndlcatDr ~ 5011

degradationl Others would argue, however, that inaeased N deposltion, which Ieads to

more rapid farest growth, coupled wIth Intense harvest operations may weil bring cation

nutrient availabliity tao Iow for mcst tree species tD grow weil. Moreover, a combination

of atmospheric acid deposition and intense harvestlng is likely tD aeate addic soil

solutions capable rA dissolvlng AI at concentrations which become toxic to about SO% of

the tree spedes (Cronan and Grigal, 1995).

0.8 MadelIIIII Soli AcIdification

We have seen that soil addlty is fnftuenœd by many PIooesSe5. In that respect,

quantitying praœsses individually would make it very ditricult tD detennine, within a

reasonable range of certainty, which ones are goveming sail acidity (Van cene, 1992).

ln this case, the use of computer simulation models, which allows us ta examine

addification/buffering praœsses within the soil system as a whole, becomes very useful

for: 1) identifying which prcœ5!es are goveming acidification and 2) assessing rates of

acidification according tD various forest conditions.

Two types of modeIs have been used in the past lS years tD assess the effeds

of atrnospheric ackI deposition on sail and surface water acidification, i.e., static modeIs

and dynamic modeIs. Dynamic modeIs are bullt 50 that it becomes passible tg predlct

the change of state variables with Ume, whereas static modeIs calculate the steady-state

conditions for a set of boundary conditians (Warfvinge, 1995). Much research on
acidification is Qlrrently being done using dynamic modeIs as they allow us tD asses the

abillty of a soli ID cape with changes in environmental conditions, e.g., N depasition, fire

disturbanœ, harvestlng, etc. In the pest, howe'ver, static modeIs have been wideIy used

tD calculate a1tIcal Ioads of ackIlty of forest salis (Warfvtnge and Sverdrup, 1995;

Svenlrup and De Vries, 1994; De Vries et al., 1994; Arp et al., 1996).

The 1991 canada-U.S. Air Quality Agreement was wrItten based on the

predictIans d these modeIs. 5Imllarty, the fon!st industry CDlIcl use dynamic modeIs tD

test wheIher Qlrrent practtœs assure the sustalnabIIIty fi the farest resourœ. The
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industry could benefIt tram dynamic modeIs as a tooI ta provide an indication fi the

abillty cl the forest sail ID supply cation nutrients for optimum growth. 5uch modeIs

could help faresters plan the best possible Iong-tenn opetatIonal practlœs as a function

of atmospheric add depositIon and site charactertstlcs.

o.. Hypoth....nc1 0bjedI••

Questions still remaln as ta whether soli fertliity ln southem Quebec forests 15

negatively affeded after harvest operations. FOIest stands are currently being

harvestl!d more Intensely and frequently than early in the 19OO's. AIso, Iopping

operations are now mostIy performed outside the site from whlch the trees are actually

harvested. As a consequence, more nutrlents are exparted tram the harvest site whlch

Ieads ta greater rates of soil acidification relative ta practlœs early in the œntury.

1hypothesize that a.lrrent atmospheric Ioadlng of H2S04 and HN03 coupled wlth

forest management operations will Iead ln the long run ta cation nutrlent defidendes

and AI phytDtDxlc response ln eastem canadlan dedduous forests based on the

following scientific facts:

1. Dilute H2SOt and HN03 solutions brought bv atmospheric deposition inaeases soil

addlty bv directly contributing H+ and AI ion spedes ta the soil system;

2. Diluœ HNOJ solutions brought bv atmospheric deposltion (and N fertllization)

treatments inaease sail acicIty bv stimulating plant growth;

3. Clear-eutting or other intense harvest: operations coupled wIth Iopping operations

outside the site of hawst aceEleate soil acidification by removing tram the emsystem

large amounts of base cations contalned in the forest biomass;

The objective of thls thesls Is ta callbrate and valldate the dynamlc modeI SAFE

(Soil Acidification in Forested Ecœysterns). This Is clone ln a dedduous forest emsystem

of southem Quebec where ftre hlstDry, harvest operations, atmospheric add deposltlon

and site charac:terlstics are beliewd ta hhe pIayed Iœv raies in soil chemlstry and

nutrlent availalillty. 1hypotheslze that the SAFE modeIls capable of hlndcasting (i.e., ID

reproduœ the pest), describing Qlrrent, ancl forecastIng soil chemlstry and nutrlent

avallablilty. If thls can be demonstIated, then SAFE wiH be useful ta estImate the extent

of sail addlflcatlcn ln the forest stand studIed and assess the net effect of forest

disturblnœ and atrnospherIc add depositIan on the soli chemlstry ri that forest.
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Sdentists, folesters, poIiticians and the general public would ail benefit if these

objectives were met as they would then possess a valuable method tD forecast soil

chemical composition and cation nutrtent avallabliity tG deveIop poIldes that will assure

. the sustainabliity Œ the forest resourœ.
One way tu valldate the SAFE modeIls ID test It on sites where sutficlent field data

Is avallable for: 1) modeI parameteriZatlon, and 2) comparlson wIth the modeI output.

In the site 1 have seleded, SAFE Is callbrated on a bumed zone and unbumed zone.
Wlthin this site, factors drMng soli formation are very similar (e.g., parent material,

slope, dlmate, etc.) but forest hlstDry Is dltferent Therefore, 1 assume that pre­

industrtal steady-state soil chemlstry yIeIded bV the SAFE modeI will be simllar before

fire dlsturbance or human ac:tivities. Fire dlsturbance, hovIever, should alter nutrient

cycIlng withln the system 50 that a.lnent soli chemistry between the bumed zone and

the unburned zone 15 reproduced accurately due tg dlfferenœs ln site hlstDrY. If the

modeI reproduœs pre-industrlal steady-state SOiI concItions that are slmllar despite the

site history factDr and reproduœs accurately aJnent soli chemistry, then thls would offer

an addltional indication that SAFE accounts accurately for the various cydlng proœsses

atreding soil chemlstry. It would alsa show that it can be used with enough precision tD

validate the hypathesis that aJrrent atrnaspheric Ioading ~ HZS04 and HN03 coupled

wIth forest management operations will leId ln the long run tg cation nutrtent
defidencles and AI phytotDxicity ln eastem canadlan deckluous forests.

This thesIs is œmposed ri four chapters. The ftrst ttuee are presented under the

fonn cl sclentlftc papers, whereas O1aptl!r 4 Is an extented Ilterature revIew. The first

three chapler are significant contributions and important steps tD achieve the ultimate

objedNe whlch was ID valldate SAFE for deckluous stands in ENA. The last chapter

provkIes data which is helpful far arrivlng at a conclusion about the future phytDtDxicity

potential ri AI based on the projec.ted soil pH provkIed bv the SAFE modeI:

1- In the first Cha.,., 1 look at soli chemlstry and nutrlent availabllity in a burned zone

vs unburned zone in a small deckluous watershed Œ southem Quebec that was

dsturbed by ftre 7S years 190;

2- In the second Chapter, 1 recanstruct using the MAlŒDEP modeI the tlme series files

ri cIepasitIan and nutrlellts cycIlng far the bumed and unbumed zones. At the same
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• Ume, various scenarios cl N avallabliity are used in the simulations tD ass!55 the

sensltivity of the modeI tD Ni

3- ln the thlrd Chapœr, 1 slmulate soli chemlstry with the SAFE modeI uslng the tlme­

series files aeated under the unbumed and bumed conditions and forecast soi1

chemlstry as a functlon ri harvest operations and projected Inaeases ln N deposttion.

4- The fourth chapter provIdes a revtew of the scientiftc literature on the chemistry of AI

ln farest salis and the tDxicity of AI tD trees. From the data gathered in this chapter,

altlClI tDxicity threshold values are identlfted and pIotted against the soIubility aJNe of

AI (a funetian of pH) 10 asseS5 if a phytotoxic reponse is likely tD occur at pH values

projeded bV SAFE for the study site.

•
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1.1 lntIadudion

Soil acldlty generally deaeases after ftre events as ash deposIted on the forest

fIoor conb'ibutes base cations ID the soli system (smith, 1970; Grter, 1975; Raison,

1979; Prltchett and Rsher, 1987; Kutiei and Shavlv, 1992). Soli alkallnlzattan occurs as

inaeased leveIs Œbase cations in the soil solution aeate a new equilibrlum where more

H+ and Al3+ are removed tram the exchange sites in the organie and minerai soil,

respectlvely (Hendershot et al., 1991). The magnitude œchange ln soli ackllty Vlries

wIth initiai soil base status; the change is more pronounced in acide soils as more H+

and Al3+ are dlsplaœd (Manson and Frey, 1989).

Studies suggest that forest fire with high heat will aeate less aodle sails.

lohnstDn and Elliot (1998) mnductl!d a study on the effect of forest fire on sails as a

func:tlan d fuel IoacIngs in a boreal mixed wood stand cA Ontario. They found that

more base cations were released ln ash with hlgh heat through more complete

consumptlon ri forest bIomass. Slmllartv, Marion et al. (l991) showed that IeveIs of

base cations lnaeased in ash with inaeasing tire severity ln a chaparral community in

southem californla. Furthermore, greater arnounts ri N and 5 are lost through

voIatiliZltlan as tire temperature inaeases (Knight, 1966; Marion et al., 1991). The Ioss

ŒN and S can be seen as a proœss conbibuting tD soli alkalinity $Ince these elements

would have produœd H+ through oxldation if thev had remainecl ln the forest

ecosysœm.
ln a base-poor boreal forest, the leachlng Œ S04z.. and a- after ftre was found ID

decreIse the soil acid neutrallzing Clpacity (ANe) (Baylev et al., 1992). Nitrate leveIs in

streamwater inaeased more than 1G-fakI in the first spring foIlowing the fire but N03­

concentrations were maintained tao Iow tD slgniftcantly affect ANC and regained pre-fire

concentrations three years after disturbanœ. Htgher rates Œ nitrification and N~­

leaching are usually observed in ha"dwood forests then boreal forests (Gcsz, 1981;

carlyle, 1986). Increases in soli nitrtftcatlon and N03-leaching after ftre would generate

more ackIlty 50 that NO, ln hardwood farests is more llkely tD affect sail ANC than ln

boreal folests.
The change in soil nutrient avallability and salir radiation foIlowing forest fire

favors pioneer spedes. When ftre Ieads tD a change in tree specIes composition,

nutrtent cydlng pnxesses (e.g., Ilttafall, dry depositIon, canopy exchange, bIoIogcal N
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fixation) are modlfled (Mlles, 1985). Pioneer spedes usually grow faster than late

successlonal spedes and that muid result ln acœIerated rates of base cation

sequestration ln trees and Inaeased Input cl H+ IntD the soil by the roots (Blnkley and

. Richter, 1987; Federer et al., 1989; Knoepp and Swank, 1994; Brais et al., 1995).

Tletema (1998) PI oposed that the N status ln forest soils affects the miaoblal

community: under N-Ilmltlng concIltIons, fungal biomass, induding mycorrhizae,

constituteS a falrty large fraction rA the total mlaoblal cammunlty, whereas at N

saturation, I.e., the avallabliity rA N~+ and NO," Is ln exœss of total comblned plant and

miaobial nutritlonal demand (Aber et al., 1989), the fungal communlty decllnes and

baderla domlnate. Nitrogen saturatl!d forest ecosystems are common in North America

and Europe (Fenn et al., 1998; Gunderson et al., 1998) and. Through voIatilization t:I N

contained in plant tissue and a high N demand by rapid pioneer plant regrowth, forest

ftre can aeate N-limiting conditions that would not be conducive tD nitrification and NO]­

leaching (Foster et al., 1997; Dow and DeWalle, 1997). Greater amounts of N brought

about bv atmospherlc depositIan would then be neœssary for the ecosystem tD reach N

saturation. Reœntly, Aber et al. (1998) hypotheslzed that ln conditions of N limitation,

mycorrhizae can immobilize large amounts of minerai N that Ieads tD inhibition of sail

nitrification and t40]- leachlng. In contrast, temperate forest soils that have not been

disturbed by fire and haw continued tD accumulaœ N from atmaspheric pollution would

show more intense nitrification and N03-leachlng because cl a large baderlal activity.

The objective cA this studv was tD verity whether tire dlsturbanœ and

subsequent changes ln species composition and growth clynamlcs muid have an overall
Iong-term effect on soli fertliity and acidity. More spedflcally, we hypathesized that fire

in hardwood forests growlng on sites relatively poor in base cations would acidlfy soils

through mechanisms slmilar tD thase cl boreal forests and decrease soil ANC through

greater soil nitrification and NO,. leaching. To validate this hypothesis, we compared soil

chemisby and nutrient availability fi bumed and unbumed sedioilS fi a small deciduous

forested watl!rshed of sauthem Quebec that was burned 75 years aga•
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• 1.2 ..........MetI...

1.2.1 SIte Desa1p1kJn

The study site 15 Iocated ln the Hermine watershed at the Station de Biologie des

laurentides de l'Université de Montréal near saint-Hippolyte, Quebec, ln the Lower

Laurentians, 80 km north ~ Montréal (Rgure 1.1). Thlrty-year average precipitation at

the station 15 1100 mm, wIth 30CMt falling as snow. Mean annual temperature is 3.6OC.

The forest has a mean basal area d 28 m2 ha·t and Is domlnated by suger maple (Aar

sacdlarum Marsh.) and red maple (Aar rubrum L). Part of the topmost section of the

southem hllislope 15 dominated by Piper blrch (Betu. patyrifer6 Marsh.), yellow blrch

(Betula alleghaniensis Britt.), and largetDoth aspen (Populus grandldentata Michx.). The

bedrock is Precambrian anorthosite of the Morin series (MtGerrigle, 1976). The soils at

the site are sandy Ioam derived from weil tD imperfedly drained rocky glacial tlii wIth a

minerai composition simllar tD that ~ the anorthosite. The forest ftoor 15 a moder

humus tom and the salis are dasslfted as Orthlc Humo-Fen1c Podzols and Gleyed Ferro­

Humlc Podzols (Comité d'experts sur la prospection pédoIoglque d'Agriculture canada,

• 1987).

1.2.2 FieldStudy

ln September of 1993, three zones that reftect the spatial varlabliity ri

vegetation, salis and topography at the Hermine watershed were selected. Zone 1

along the stream and zone 2 in the uppermast section ri the watershed are domlnated

by suger maple, whereas zone 3 is tDpographlcally simllar tD zone 2 but is malnly

composed ~ blrch and aspen. More than thirty tree cores coIlected throughout the

watershed revealed that the stand in zone 3 WIS about 75 years ~ age as comPired tD

approxlmately 100 years ~ age in zones 1 and 2 (œté, unpubllshed data). Moreover,

observations revealed an abundanœ of charcoal in zone 3, whereas the watershed dieS

not dlsplay traces of chal'COll eIsewhere. Ail d the abave suggest that the forest stand

in the uppermast section in zone 3 was Inltlated by flre approxlmately 75 years ago.

Three 300 m2 draJlar plots were dellmltl!d wlthln each zone. samples from the

surfaœ orgInlc (FH and Ah) and B horizons were coIleded ln four permanent sub-pIots

of 5 ml selected randomly ln each plot. Simples from the sub-pIots were poaIed

• tDgether for each of the organlc and minerai hortzans for analysis. The dlsarltlnuous
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M horizon MS not sampled. In 1993, $Impies were coIlected ln 5eptember, OdDber,

ancl November. Soli $Impies were coIlected once a rnonth from May to November of

1994 and 1995, whereas $Impie collection was done three times in 1996 and 1997 (i.e.,

spring, summer, and fall) tD ctecrease the impact on the plots. Zero-tension Iysimeters

(Hendershot and COUrchesne, 1991) were InstaHed ln each plot ln 5eptember of 1993 at
depths of 0 an (below the LFH layer) and 50 an (In the Iower B horizon). From 1994 ta

1997, soil solutions were coIlected every two weeks tram May tD November, and every

month from December ta April. Follage tram ftve trees ln each plot was also coIlected ln

August of each year tram 1994 tD 1998. The surface area c:overed bv the sampllng

design in the Hermine watershed represents approximately 10% of the total surface of

the southem hllisiope.

1.2.3 LabtntlXyAMIysis

Soil pH ln water, total N, organic C, and exchangeable cations were determined

on soil $Impies coIlected tram 1993 ID 1997. Soi1pH in water was rneasured using a

soil ta water ratio of 1:2, total Nwas analysed on a Technicon AutoAnalyzer on digested

$Impies (Allen, 1989), organlc C content was determined on minerai sail samples using

the wet oxklation method desaibed bv Nelson and SOmmers (1982), and exchangeable

cations were determlned using an unbuffeled Baa2 extraction (Hendershot: et al., 1993).

Levels of cations ln the BaCl2 extraets were determlned bv atomlc absorption

s_(Perkin-Bmer modeI2380).

Electrlcal c:oncIuctlvlty ancl pH were measured wtthln 24 h atœr collection of soil

solutions on unfiltered samples. Af'œr filtration through 0.4 JIll' poIycarbonate

membranes, ca2+, Mg2+, t<+, and Na+ in bath solutions were determined by atDmic

absorption_. Chloride, NOi, NH..+, and 5042.- in soli solutions were
measured by ion chromatagraphy (Waters). Dissolved organlc carbon (DOC)

concentrations in the soli solutions were estImatI!d uslng the linear reIatIonship bet\wen

the absorblnœ (ABS) at 254 nm and the DOC of fNf6 50 $Impies measured at depths

cl 0 an and 50 an uslng the apprœch desaibed by Moore (1985):

DOC (mg L·1) = 1.01 + 24.7 * AIS (eq. 1.1)

wIth an RZ =0.885•
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ShortIy after collection, Ieaf tissue were oven-dried for 48 hours at 6SOC and then

weighed. The dried samples were grounded ta pass through a 4O-mesh saeen and

digested in Ht02-HzS04 (Allen, 1989). Digests were analyzed for N using a Technicon

AutoAnalyser, and ~2+, Mg2+, and K+ IeveIs were determlned bv atemlc absorption5_.
1.2.4 Data AMIysIs

Partide size distribution, bulk c1ensity, and mineralogy œthe parent material in

zone 1 Is dearly dlfferent tram that cl zones 2 and 3, whereas these propertIes are

simllar between zones 2 and 3 (Chapter 3). Further, the proximlty between zones 2 and

3 (Iess than 100 m) and the topographlcal similarities bet\veen these zones (Figure 1.1)

suggest that we compare zone 2 and zone 3 for determining the etrect of fire and

subsequent forest regrowth an soli chemistry.

Ail parameters were subjeded ID a repeated-measures ANOVA ta determine if

dlfJerences in sail and soli solution chemlstry between the bumed and unburned zones

were signifiant The MANCOVA function in STATISTICA 4.1 was used for this analysis,

where the between-group factDr was forest history (burned conditions (zone 3) vs

unbumed conditions (zone 2» and the dependent variables were soli and soil solution

chemical propertIes as a functlon of tlme. If a single observation from one cl the two

zones was missing within a clay of sampling, then ail data obtalned on that clay was

removed for analysls. Ail multivarlate statistlcs were performed at u<O.OS.

Compositianal nutrient d1agnosls (eND) was used ta compute CND indices

according ta the procedures desa1bed ln Parent and Daftr (1992). The total dry matter

content (DM) of a Ieaf was consldered tD be made up tA a minerai nutrlent component

(N, P, K, ca, Mg), and another general compaltent, represented bv R, tDgether tDtallng

100%.

DM =N + P + K + ca + Mg + R=lœMt (eq. 1.2)

The flii value, R, makes up the dlfferenœ ta 100% and 15 computed as foIlows:

R = 100.. - (N" + PM. + K" + MgCMa + caCHa) (eq. 1.3)

The geometIlc meen (G) was then used ta remove the bounded sum constralnt

ta take IntD account the effects of ail the nutrients, and 10 make the data Independent
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• thus allowing for the possIbillty cl further analysls. The geomeb le mean was calQllated

as foIlows:

G = [N * P* K * ca * Mg * R]1/6 (eq. 1.4)

The bounded sum constralnt was further removed through llnearization of the

composltional data bv calaalating the log of the nltrogen dry matter content in relation

ID ail the other components, replesented by the geomel1ie mean (VN or CND score).

The proœss fi dlvidlng the nitrogen content by the geometrlc mean serves ID center the

value around the mun while aeating a multinutrient ratio as foIlows:

VN =ln (N/G) (eq. 1.5)

ReIatIonshlps benveen VN scores and basal area lnaements ri eam spedes

were assessed tri linear regressions. The data set conslsted of ail trees sampled in the

watershed bebveen 1994 and 1998. Data used for the maple regression was tram zone

1 and zone 2, whereas data for aspen and birch orIginated from zone 3.

1.3 Relu'"
• 1.3.1 Soli chemlstry

Base saturation in the minerai soil of the bumed zone was signiflcantly hlgher

than in the unbumed zone, but no signlficant ditJerence was found in the forest ftoor

(Table 1.1). The forest ftoor in the burned zone had signlftcantly greater exchangeable

ca, Mg, and K than the unbumed zone, and exchangeable Na, Fe and AI were not
slgnitlcantly dlffelent bet\veen the zones (Table 1.1). The minerai sail in the burned

zone had signiflcantly greater exchangeable ca and K than the unburned zone, and

exchangeable Mg, Na, Fe and AI were not signiftcantly dlffeent (Table 1.1).

Exchangeable Mn in bath the forest ftoor and minerai sail was slgnificantly Iower in the

bumed zone retative ID the unbumed zone. The sum fi ail exchangeable cations (CEe)

WIS significantly higher ln the forest fIoor of the bumed zone relative ID the unbumed

zone but there was no signlficant dlrrerellee in the minerai sail (Table 1.1). Soil pH and

total N concentrations in the forest fIoor and minerai soli were not slgniflcantly dlf'ferent

bel\veen the zones. Organlc C ln the minerai soli of bath zones were statlstlcally sirnllar

(Table 1.1)•
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1.~2 SolISolution Chemlslry

Concentrations in NHt·, NOi, and DOC bet.ween zones in the seil solutions of the

forest tIoor but not the minerai sail dlffered slgniftcantly: Ntt.+ and N03. IeveIs were

hlgher in the unburned zone and DOC concentrations were higher in the bumed zone
(Table 1.2). Differences betvoieen zones for pH, base cations, and 50.2- and C· were

generally not signiftcant (Table 1.2).

1.3.3 ComposltkJna/ Nutrlent Dlagnosls

Relatlonshlps bet\t.een VN scores and basal arel inaements ri ail maple, aspen,

and birch trees sarnpled in the watershed are shown in Figure 1.2. Unear regressions

are significant at u<0.05 for aspen and birch but not maple. The linear regression of

VN-aspen expIains 17% cl the variability in basal area inaement, whereas that of VN­

birch expIains 14% of the variability in growth.

lA Dllaatll•

The results ri the comparison between the bumed and unbumed parts of the

watershed indicate that there are two major, 5taUstically significant, dlfferences: namely,

higher base status ancl Iower soli solution N in the bumed zone than ID the unburned
zone. In the discussion that follows, we will try ID relate these two differences ID the

effects ri forest fire and subsequent changes in forest composition and growth

dynamics.

1.4.1 F«IDrS Affet:llng Sd/Bilse c.lIDn satus
80th forest ftre and forest regrowth will Inftuence base cation status of the soils.

Immedlately after forest tire, the presence cl ash on the sail surface results Is a direct

input ri base cations ID the sail system (GrIer, 1975; Raison, 1979; PrItchett ancl fisher,

1987). IniUally, thls will inaease bise saturation ri the forest floar and then the minerai

soli. The rapid regrowth cl the forest foIlowing a tire removes base cations from the soil

at a fIstI!r rate than the prevIous more mature stand and transfers them tD the standing

biomass ln exchange for H+ (Blnldey and RIchtI!r, 1987; Federer et al., 1989; Knoepp

and Swank, 1994). AnaIysIs rA leIf Iitler cA tree specIes typIcal cl sugar maple

domlnated forests in southem Quebec cIemorti1Iates that earty sucoesslonal specIes
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such as largetl:X)th aspen, white birch and yellow birch have Iess acide leaf litter and

sometImes rlcher base cation concentrations than that of later sucœssional spedes such

as sugar maple and red maple (C6té and Fyles, 1994). Although the effect ri the

. dlfferences in leaf Iitter of these spedes have not been ldentlfled ln the soIlltseIf, we can

speculate that aspen and birch have contrlbuted tD the enrichment of base cations ln the

forest ftoor as compared wIth the ma. domlnated stand.
A high quality Ieaf litter is usually assodated with a more intense acidification of

the underlying B horizons as base cations are transferred from the minerai sail tD the

canopy and then tD the forest fIoor through litterfall or tallage leaching (Alban, 1982).

ln the Hermine watershed, however, the higher exchangeable ca, Mg, and K content in

the forest ftoor ri the bumed zone was not accornpanied bv an impoverishment of the B

horizon. Rather, the B horizon of the bumed zone had a greater base saturation and

exchangeable ca and K than the unbumed zone. Paré and Bergeron (1995) observecI

similar results after coIonization of trembling aspen on a day soil ri the mixed boreal

forest, i.e., a high quality forest ftoar underlain bv an unadcltied minerai sail. They

suggested that the high base content of the dayey minerai soil provided a strong buffer

against the acidlfying potentlal of aspen. In the Hermine watershed, however, the

sandy Ioam sail cIoes not provkIe a strong buffer against ackliftcatlon. 1here was no

signlficant differenœ in the sum of cations (Cee) between the zones which suggests

that the greater concentrations of exchangeable base cations in the minerai sail ri the

bumed zone Is not the result ri intrlnsie characterlstics of the parent matertal ln that

zone. Henœ, we feeI that the data supports the hypothesls that the forest fire enrlched

the soil in base cations and buffered the effect of rapid forest regrowth ln the minerai B

horizon.

1.4.2 F«:tDts Alfedlng NItrlflœIkJn andN l.eiIdIing

Recluœd plant uptake and inaeased mlnerallzation of nutrlents immecllately after

tire dlsturbanœ inaeases nutrient availability ln the SOiI system (Prltchett and Fisher,

1987). An inaease in pH and nutrlent availability Ieads tD the growth of the nitrifytng

bacterIa communlty (Wright and BIlley, 1982). Nitrate leaching in dedduous stands rA

eastem North America Is therefore usually enhanœd after the Iass cl the forest ctNer,

but the eIfect seIdom lasts mare than 5 years (Ukens et al., 1970; Dahlgren and
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Driscoll, 1994). Our data show that the current leachlng rates of NKt+ and NOi are

Iower ln the burned zone than ln the unbumed zone (except for NK" In the minerai soli)

whlch suggests that mechanlms ri soli N retentlon are assoclated wIth the deveIopment

of pioneer and mid-sucœssional spedes. It Is Ilke1y that a reduœd N capital alter tire

dlsturbanœ and Inaeasing post-tire vegetative demand have enhanœ N retentlon as

suggested bv Dow and DeWal1e (1997) for ftres wIth Iow tD moderate intensities. Law

NK.+ and N03 mobility due ID a higher nutrlent demand bv post-tire regrowth is

supported at the stucly site bv the slgnlflcant relationshlps bebveen VN scores and basal

area Inaements ri aspen and blrch trees. Unear regressions suggest that aspen and

birch ln the bumed zone are growth-Rmlted bv N, whereas the lack of significance ln the

relationship for maple trees in the unbumed parts ri the watl!rshed suggests that no

growth limitation OCCllrS (Figure 1.2).

Stark and Hart (1997) shovled that gross fluxes ri N03- can be high ln forest

soils even thaugh evidence for net nitrification and N03- leachlng Is difflcult tD flnd 50

that immobillzation bv free-livlng microbes (bacteria) muid be the primary cause of

dissolved minerai N retention in soil organlc matter. Conversely, lietema (1998)

propcsed that sites wtth Iow rates ri nitrification and ~. leaching are assodated wIth a

soli mlaoflora domlnated bv mycorrhlzal fungi, but as forest succession proceeds

mwarels later stages of forest sua:!5slon and N-saturation, free-Ilvlng mlaubes gradually

replace mycarrhlzae and net nltrltlcatlon occurs. If the last case proves ID be true, then

il 15 possible that the aeatIon daN pool" environment has trIggeIed the phase-out of

the sail bacterial communlty assodated wIth the mature maple stand and a replacement

wtth mycorrhlzae. As hypothesized by Aber et al. (1998), the net assimilation and

exudation ri minerai N by mycarrhlzal fungl wauld have then resulted ln a greater

immobillzation of minerai N than wtth bacterIa and in further decreases ln the rates of

nitriftcatlon and ~- leachlng. The unbumed stand has been subject tD continuous

Ioadlng of N from the atmosphere wIthout any slgniftcant extraction of N during the Iast

œntury. As a consequence, a greater bacterial community Is IlkeIy tD be found in that

zone and ln tum, thls wouId generate more nItrIfIcatIan ancl NOJ· leachlng than ln the

burned stand. Whether myc:orrhlzae domina the mlaobial communlty ln the burned

zone and bacteria domlnate ln the unbumed zone Ms yet ID be demonstJated ln the

Hermine watI!rshed.
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• The higher DOC concentrations in the forest ftoor of the burned zone likely

expIains the significantly Iower solution pH in the fcrest ftoor of the bumed zone relative

to the unbumecl zone. carbon consumptlon from assimilation of minerai N bv
, mycorrhizae is lower than free-lMng miaobial immobilizatlon because mycorrhizal fungi

use photosynthate carbon directly rather than that converted tram decomposltlon of

Iitter bv miaobes (Aber et al., 1998). Consequently, C consumptlon and CCh efftuxes

for immobilization ri N are respectIveIy one-thlrd and one-tenth cA the C consumptlon

and COz efftuxes bv tree-living miaobes. Agaln, signiflcantly higher DOC concentrations

in the forest tIoor of the bumed zone after 75 years of disturbance is consistent wtth a
sail miaoftora with a greater proportion of rnycorrhizae: N availabillty is perhaps tao Iow

to allow tree-living mlaobes to grow and that any addition of C ID the soil solution

would not stlmulate an inaease ln rnetabollc rates, nar drive immobillzation of carbon bv
tree-living miaobes.

•

•

1.5 ConcI......

The overall effeds of fire disturbance and subsequent changes in species

composition within this base pool" harcMrood forest have not acidlfied the soil. Rather,

inaeases in exchangeable base cations in bath the forest tIaor ancl minerai soil induœcl

by the tire appear ID have been large enough ID buffer inputs of addty fram the

leachlng of strong add anions (short term) and forest regrowth (long tenn). Whether

soil acidification will occur aftI!r ftre dlsturbance in a simlJar blse-poar hardwood forest

but with higher Nsaturation iS unknown, but Iooking at the effects of fire disturbance in

various sites otrertng a range cA soil bufrering capacltles and degrees of N saturation

would certalnly help eluddate this question. AIso, an integrated study that would look

at the miaotlora population alang the N saturation gradient of the burned stands would

help tD deb!rmine the raie of lire an the soIl's overall N status and miaoflora.
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'.bIe 1.1. Mun œnœntnltlonl ofuc:ha bIe (J GltIolII .nd GIllon uchllnge GlpiICIty (CEC),
mnmntratlonl oforpnlc carbon (OC) and nltrogen (NtaJ, pH, and ....utul1ltlon (15) ln the fo..-t

fIoor and minerai horizon of zone 2 (unburned) end zone 3 (burned) et the Hermine w..........

pH cee ca, Mg. K, Nae Ale Fee Mn. as Nt. OC
cmoIc: kg-1 -%- _mgg-l_

~PIoor

Unbumed 4.281 26.8b 19.5b 2.10b 0.69b 0.131 2.89a 0.131 1.07a 84.la 15.1a n.8.
Bumed 4.21a 32.7a 25.1a 2.741 0.961 0.1. 2.82a 0.131 0.85b 88.01 15.2a n.a.

MI......ISoII
Unburned 4.98a 4.598 1.35b 0.131 0.06b 0.041 2.8Sa O.lDa 0.038 34.2b 2.668 6.11a

Bumect 5.021 5.47a 1.91a 0.191 0.091 0.041 3.12a O.lDa 0.02b 40.8a 2.92a 7.na
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'.Me 1.2. ....n conœntr8t1onl of ....ClltIonI.nd "'.jar .nlons, dlllOlved o....nlc carbon (DOC),
.nd pH ln the 1OIIIOIutIons of the fo.-t tIoor end minerai 1011 of zone 2 (unbumed) .nd zone 3
(bumed) ln St·HI.....,...

pH DOC ca2+ Mg2+ K+ Na+ NO; NH4+ 504
2- cr

- mg Lw1 _ IJmol L
w1

PenIt PIoor
Unbumed 4.688 26.3b 75.08 19.58 24.8a 9.~ 54.&8 45.&8 38.la 21.1a

Burned 4.23b 34.08 82.9a 9.62a 21.8a 11.3a S.37b 8.S4b 44.&8 16.3a

MI.dISolI
Unbumed 5.348 2.221 44.7a 12.4b 0.748 29.2a S.SSa 2.22a 58.08 13.Ba

Burned 5.641 2.37a 45.48 9.91a 1.268 24.4b O.43b 2.22a 57.41 9.91b



• COrtNEC11NG PARAGRAPH

ln the next Chapter, 1 reconstruct the tlme-sertes files of atmaspheric deposltion

and cyding proœ5ses using the MAKEDEP modeI for bumed ancl unburned conditions.

Sorne prccesses conbibuting or consumlng N that we believed tD be important ln the

Hermine watershed are omltted in the original schematic desaiption of MAKEDEP.

Because N avallability is the fac:tDr Iimiting forest: growth in MAIŒDEP, 1added pracesses

of bIoIoglcai N fixation, dry depositIon, and denlb1ftcation tD the modeI. The objedNe

was tD assess the sensltlvity of MAKEDEP tD N avallabliity and therefore, find the N

avallabliity scenario that would cIoseIy simulate current forest: biomass and N leachlng

for unbumed and bumed conditions at the study site. 1slmulate thereafter ln Chapter 3

soil chemlstry wIth the SAFE modeI using the best set cA tlme-sertes files aeatecl ln

Chapter 2.

•

•
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CHAPTER2

Slmu"tIon of SOli C......1Itry .nd Nutrient Anl..bliity ln _ For.'"
EcDIy...... of Southern Quebec. 1. RecDub ue:tIan of the Tlme-Serl. FI_ of

NublentCydlng ....... Ille MAKEDEP Madel
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2.1 Inlloduetlon

Evidence is accumulating that the combination cl atmospheric deposltlon of

addic compounds and intensification cl harvesting practices is leadlng ta the

degradation d the soil base cation reserves (Federer et al., 1989; Shortle and Bondletti,

1992; Keenan and Klmmlns, 1993; Ukens et al., 1996). Dynamlc proœss-oriented

modeIs of soil and water acidification such as MAGIC (Cosby et al., 1985), MIDAS

(Hoimberg et al., 1989), SAFE (Warfvlnge et al., 1993), and SMART (de Vries et al.,

1989) are used as tooIs ta asses5 the abliity of forest salis ta supply cation nutrients for
optimum growth. However, these modeIs have yet ta be used ID plan the best possible

operatIonal practices CNf!r the long term tG maintaln soli fertility as a func:tion of

atmospheric deposItIon and site characb!riStlcs.

Because these modeIs account for temporaJ dynamlcs ln soli acidification, they

requlre time-series files « atmospheric deposltion and other proœsses of nutrient

cyding as kev input data. Historical data from the Rotharnstl!d Experimental station, UK

(i.e., 1883, 1906, and 1964) was used tD conflnn that the dynamic soli modeI SAFE is

accurate for yielding pre-industrial soli chernistry ancl describing current sail chemical

propertJes (Sverdrup et al., 1995). These authors alsa pointed out that the uncertainties

assodated wIth the tlme-series files d Input were dimlnished simply because pre­

industrial sail chemistry had been assessed at the experimental station. In eastem

North America, the flrst long-term studes of deciduous forest ecosystems were initlated

in the 196O's, e.g., Hubbard Brook Experimental Faest (HBEF). In eastem canada,

most studies assess;ng the effects of atrnospheric depositlon ancl forest disturbance on

nutrlent cycIlng have been inltiated not more than 10 years 190, e.g., catamaran brook

(New Brunswick), Duchesnay (Quebec), and Duparquet (Quebec), 50 hlstDrical data 15

not available tG validite dynamlc modeIs.

The MAKEDEP modeI was deveIoped ID estImate histDrlc depositlon and the

cyding ri nutrients for sitI!s in Europe where only present day data is available (Alveteg

et al., 1998). Thev argued that serious errars in formulation of dynamic sail modeIs may

go unnotiœd because the Ume sertes files used ID run these modeIs cauld be adjustl!d

in an unreasonable manner ID abtaln reasonable output. AIveteg et al. (1998) propased

that modeIlers use MAJŒDEP 50 that the same set cA assumptions Is always applled for

simulatlng in the long œrm soil and water chemistry. By doing so, It would become
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easler tu detect lnvalid assumptlon5 in the formulation ri the varlous dynamlc soli

modeI5.

ln the MAKEDEP modeI, N avallabillty N cletennines tree growth and in tum,
. affects most of the processes involved in nutrient cycIing. In an application of the SAFE

modeI at the SoIling spruce experimental forest, Germany, Walse et al. (1998) used an

unusual time-sertes pattern of growth/accumulated nutrient uptake whlch was aeated

wIth MAKEDEP: no growth bet\Veen 1800 and 1900 foIlowed by sustained and rapid

growth tram 1900 untll 2000. this was the same as assumlng no standing tlmber

bet\Veen 1800 and 1900. The absence of growth was IIIœIy caused bv Iow N availabliity

prior tD the onset of N Ioadng from the atmosphere in the earty 1900'5. Two probIems

originate bv using such an assumptlan about tree growth. Rm, forest canopy

deveIopment has a large influence on the pattem of litterfall, canopy exchange, and dry

depositlon, wheIeas growth of woody components and the canopv cletennine nutrient

uptake rates. The absence of forest growth therefore engenclers an underestlmation of

these processes. 5econd, modeI calibration becomes more complex as pre-industrial soil

chemlstry is modelled incorrectly. In our previous experienœ with the SAFE model u5ing

time-series files aeated wIth MAKEDEP, SAFE calQlIated unreasonably high pre­

Industrlal soli pH and base saturation. Further, as the forest 15 establlshed very rapldly

alter 1900, soil acidification rates are overestimated due ta the uptake of large amounts

of base cations in the soil salutions in exchange for protons.

ln this chapter, the tlme-sertes files of nutrlent cyding in a mixed dedduous

stand of southem Quebec were reconstrue:ted uslng variau5 scenarios of Navailability tu
assess the sensitlvity of the MAKEDEP modeI tu tree growth and in tum, N cydlng.

There were three main objectives: 1) assess the variabliity of the tlme-series file of N

leachlng rates beIow the rooting zone (I.e., a balance between ail prca!Sses induded in

MAKEDEP whlch aet as sources and sinks of N) as a function of N avallability and

iclentify the scenario ri N avallabliity that agrees the most with a.lnent field N leaching

rates, 2) evaluate tree growth response tu the varlous N availabliity scenarios relatNe

measured field biomas5, and 3) vertfy the applicabliity of MAKEDEP tu rec:reIte the

trends in atmaspherIc depasItIan f:I major ions in easœm North America•
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2.2 ..........Mcll..

2.2.1 MDdeI DesalpI/Dn

ln forested ecosystems where nutrients are abundant, changes in tree biomass

oves Urne can be determined with the MAKEDEP rnodeI as a funetlon rA age accordlng tD

a n'" arder Mikaells-Menten equatlon (Aiveteg et al., 1998):

w= MIn. [Y' I( Y'+I')] (eq. 2.1)

where w is the biomass (kg m-1), "'- is a scallng factor representing the maximum

possible biomass at the site, Yis the age (years) rA the stand, k is the age at which the

forest reaches half of Its maximum bIomass, and n Is the arder of the equation. As the

stand deveIops, however, the relative proportion ri bIomass ln stems, branches, and

roots inaeases and that in tallage decreases. The MAKEDEP madeI was theefore set
up 50 that It generates half of Its maximum tallage mass (i.e., twigs and leaves) three

times faster than the wood mISS, i.e., setting k in equation 2.1 tD be a third of that for

wood growth.

ln the MAKEDEP model, growth rates (g m-2 yr-l) are glven bv the derivative of

the Mlkaelis-Menten equatlon:

r..... = "'-l{ Y'-1)/( Y'+I') - (~l)nl« tr-l)n+t')] (eq.2.2)

where rgnMtlt is the annual growth rate. The uncertainty that tree growth may have been

decrea~ during a certain period bv N limitation is accomodated in MAKEDEP bv
changlng Yin equatlon 2.2 tD ~ where Y is the apparent age of the forest glven bv the

Mlkaelis-Menten equatlon:

y= k[Mf{W".,...,]"n (eq. 2.3)

The growth rate determined with Y insteael ri Y becomes a funetion of forest

biomass rather than stand age. Yearty uptake ri ca, Mg, K and N is calculated as the

content of a nutrient in tallage (lncludlng twigs) multiplled bv the total annual inaement

of the canopy, in addition tD the welghtl!d average of the nutrient in roots, stem wood,

stem bark, and branches, multlplled bv the total annual growth cl these compartl11ents

comblned. Pre-Industrlal uptake ri nutrients bv trees may be overestImatI!CI because

current nutrlent concentrations fn:m whlch etement masS ln trees Is reconstruc:ted may
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actually exœed those of the pre-industrtal era, partlOJlarly for N alter years of air

pollution from the use of fossIl fuels.

Temperature and moisture conditions were likely the main fac:tDrs controlling

. tree growth in sauthem Quebec. However, it is not possible tD recreate these past

conditions easily for site specifie conditions. In the MAKEDEP modeI, N availabillty alane

(provIdecI as bulk deposltlon, throughfall, and litter) is used as the factor limiting forest

growth. A smiller pool of nutrients in the trees than what is OJrrently observed in the

field is calaJlated by MAKEDEP if the amount of avallable N is lower than plant N uptake

(i.e., a negatlve N balance). It then inaeases "'- untll forest biomass agrees wlth

aJrrent conditions. several attempts are often neœssary before MAKEDEP ftnds an

approprlate "'- to relate atrnospheric deposition and canopy biomasse

ln the MAKEDEP modeI, ft is assumed that N, ca, Mg, ancl K mineralizatlon in the

forest fIoor is equivalent to the N, ca, Mg, and K inputs from litterfall. The arnount of N

that reaches the forest ftoor as litterfall (twlgs and follage) is assumed tD be recyded for

canopv growth only and is not used for wood growth. Utterfall is reconstructed yearly

by using as input the ratio between the litterfall flux of N with the uptake flux of N in the

canopy (i.e., litterfall rnass and canopy mass, respectively). Since only one rate of

mineraliZation at a time can be spedfied in a simulation, litterfall fluxes of ca, Mg, and K

need to be corrected aller each simulation as retranslocation of these elements is

different from that of N.

As implemented by AIveteg et al. (1998), the MAKEDEP modeI uses relative

aJrve5 (0 tD 100% of maximum) of European emission tD reconstruct depositlon histDry.

Assuming that deposition of an element foIlows the same pattern as emission of that

element, depositIon of an element can be reconstructed bv scallng into the past values

of deposition using standard Qlrve5 of ernission.

Dry depositlon in MAKEDEP is the Ioadlng of elements that do not interac:t

signiftcantly with the canopy (i.e., a, SOt, Na). Current dry deposition (DO) of non­

interaeting elements can be determlned using the equation:

DO =TF- BD (eq. 2.4)

where TFls OJrrent throughfall depositIon and BD is Qlrrent bulk deposition, expressed

in kg ha-l yrl
• For elements inVGNed in canopy exchMge, i.e., ca, Mg, and ~ a Iow

Iimit value cl current dry deposition can be estImated bv the foIlowing equatlon:
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DO=BD l(TF. - 80.)/BD.,] (eq. 2.5)

assumlng that 1) Na i5 not strongly Involved in canopy exchange, 2) ca, Mg, and K are

depasited by the same mechanlsm as Na, and 3) depositian of Na contains the same

proportion Œ dry deposItIon as compared to depositIon Œ ca, Mg, and K. If BD. i5

hlgher than TF_ then equatlon 2.5 Is cancelled and dry deposItIon of ca, Mg, and K

becomes zero. Once a.lrrent dry depositIon has been estImated for a partlcular element,

the standard emission and canopy biamass a.lrve5 are used tD produce bulk and dry

deposition far any given year, assumlng that the leaf area Index (lAI) Is proportional tD

the Ieaf biomass:

DO, =[(DDcunJ~ * Itânap",* Rwn .yllltânap,,cumnt (eq.2.6)

BD,= [(BDcunJ~ * Ra. l'y (eq. 2.7)

where It.. b M i5 given by the standard CUNe of emission,~ i5 the lAI glven by the

canopy mISS a.lrve, y denotes values for year }', and currentdenotes values for current

conditions. canopy exchange (Œ) 15 the remaining category of depositlon ancl a.lrrent

interaction ri elements wIth the canopy can be estimated for inland sites wtth the

equatfon:

CE= TF- 80- DO (eq.2.8)

KnowIedge about biochemlcal interactions betvJeen the atmosphere and the

forest canopv is stllllimïted. Clnopv exchange can be an important source or sink for

N03· and N....+. Because ri the uncertafnty regardlng the relationship cl canopv

exchange with bulk deposItIon and throughfall for N compounds, c:anopy exchange 15

accounœd for ln the MAIŒDEP modeI only when bulk depositIon of N~· or NKt+ is

greater than throughfall, i.e., when c:anopy aets as a net sink for N compounds. If that

i5 the case, then equatlon 2.8 is modlfied by setting dry depositfon tD zero $Ince ft can

not be negatNe and alrrent canopv exchange Is estImated as:

CE = TF - BD (eq. 2.9)

Once aJrrent canopv exchange Is assessed, ta' Mg, K, and N exchanges within

the canopv for any gNen year i5 modeIled according ta the LAI or canopy biomass:

CEy =(Œta••• * Wœ.",)/Itânap"cunwIt (eq. 2.10)
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2.2.2 SIœ Desaiptlon

The studv site Is Iocated in the Hermine watershed at the Station de Biologie des

Laurentides de l'Université de Montréal in saint-Hippolyte, Quebec, in the Lower

. Laurentlans, 80 km north of Montréal. see section 1.2.1 for detalls.

2.2.3 Fieldstuo)', LaboralDlyAMIysIs andNodeIPiJralllt!tf!tizatkJn

In 5eptember of 1993, three zones that refIect the spatial vartabliity lX

vegetation, soIls and topography ln the Hermine watershed were selected (see section

1.2.2). Wlthln each zone, three drcular plots of 300 ml were dellneated. In each zone,

about 10 co-c:Iominant and dominant trees were selecb!d and cored in sound wood at

1.3 m aboveground. Cores were storect in the fteIcI in plastic straws and air-drled

imrnediately in the laboratDry. Ring inaements were measured to a precision cl 0.01

mm. The oIdest sugar maple cored without heart-rot: in the watershed shows a very

slow growth rate during the time perIod 1830-1900, whereas the growth rate inaeasecl

after 1900 and cIecreased agaln after about 1970 (Figure 2.1). This suggests that maple

growth was suppressed prior to 1900 and that a severe perturbation resulted in its

reIease around 1900. One commercial harvest can be documented in that area, but it Is

likely that operations were executed 50 that only large trees were harvested and small

trees were Ieft standing (now the oIdest trees ln the watershecl). Most of the

dominant sugar maples found ln zones 1 and 2 are 100 years oId or less, i.e., trees

released by the harvest.

Tree cores coIleded throughout the watershed indlcate that the trees of zone 3

were about 7S years of age. Moreover, observations revealed an abundanœ of charcoal

in zone 3, whereas the watershed dld not display charcoal eIsewhere. This suggests

that the forest stand in zone 3 was fnitlatecl bv tire around 1925. Because the

watershed has two distinct forest histDries, reconstruc:tion of deposition and cydlng

praœsses was performed with the MAKEDEP rnodeI using two zones representing the

burned and unbumed conditions, i.e., zones 2 and 3, respectM!Iy.

A funnel cdlectDr of 17.5 an in dlameter was installed at a height «1.5 m in

each plot far thraughfall. In the tDpmost section of the sauthem hlllslope, a tower that

rIses above the forest c:anopv (appradmately 25 m) was construdI!d tD coIlect bulk

deposItIon. From 1994 10 1997, throughfall and bulk depositIon were sampled fNefV
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two weeks from May tD Now!mber, and f!NefY month from December tD AprIl. The

volume of the $Impies was measured ln the field. EIecb1cal conductlvlty and pH were

measured wlthin 24 h alter coIlectian on unfiltered samples. Alter filtration through 0.4

J.dI' poIycarbonate membranes, caz+, Mg1+, t<+, and Na+ were detennined by atomic

absorption _ (Varian), and C·, NOi, NKt+, and S04~ were measured

by ion chrornatDgraphy (Waters). Mean concentrations of bulk deposition ancl

throughfall $Impies coIlected from 1994 tD 1997 in the Hermine watershed were used tD

estimate wet and dry depositIon as weil as canopy exchange wIth the MAIŒDEP modeI

(Table 2.1). Daily measurement tA air temperature, humiclity, wind speed and direction,

and total rainfall and snowfaIl $Ince 1964 was provIded bv the Station de BIologie at a

location Iess than 2 km from the Hermine watershed.

Litterfall mass was measured within each plot using five traps Œ 0.25 ml.
Litterfall was coIleded on a monthly basis during spring and summer, and every two

weeks in the fall. The material from the five traps was sorted bv species. Faliage from

ftve trees (various species) in each plot was also coIlected in August of each year•

Shortly after collection, foltage and litter tissue were oven-dried for 48 hours at 650C

and then weighed. The dried samples were grounded tD pass through a 4O-mesh

saeen and digested in H~H2S04 (Allen, 1989). Digests were analyzed for N using a

Technicon AutDAnalyser, and for cal +, M~+, and ~ bv atDmic absorption_.
Concentrations of nutrtents ln follage used as Inputs in MAKEDEP (Table 2.2)

were those of samples coIlected bebveen 1994 and 1997 in the Hermine watershed and

calculated as a weighted mean accon:Iing tD the proportion of each species within each

zone, i.e., 70% sugar maple, 25% red maple, and 5% yellow birch in the unbumed

zone, and 27CMa sugar maple, 7% red maple, «Nt yellow birch and white birch, 20%

largetDQth aspen, and 7% American beech ln the bumed zone. The ratios between

Iitb!rfali and nutrient uptake in foIiage are presented in Table 2.3. utterfall fluxes were
calcutated using measured Iltterfall rnass and nutrtent contents in 11tter, whereas nutrient

uptake in follage was estirnated using the measured contents fi nutrients in foIlage and

estimated follage mass (see beIow for detalls on allometric equations used) at the study

site. Average contents ~ nutrlents in woodv components used ln the MAIŒDEP modeI

were calculaœd accxJIdng tD equatlons dew!Ioped by Chatarplul et al. (1986) far the
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same hardwood species (except American beech) (Table 2.2). The concentration of

each element was also weighted wIth respect tD the proportions of each species.

Equations ln Chatarpaul et al. (1985) can help estImate elemental mass ln tree

components but not total tree mISS and the mass of dlsaete tree components. In that

respect, biomass allometric equatlons for sugar maple, yellow blrch, and American

beech aeated at the Duchesnay expertmental forest, Quebec (Clmlré et al.,

unpublished) were used tD calmlate, within each zone, aJrrent wood mISS (i.e., stem

wood, stem bark, and branches) and fallage mass using the 1997 DBH values in the

Hermine watershed. Estimated wood biomass in Table 2.4 were used as initial inputs in

the MAKEDEP modeI to reconstrud: tree growth, nutrient cyllng, and atmospheric

deposition in the watershed. In the absence of allometric equations for red maple and

white blrch, we used equatlons for sugar maple and yellow birch, respectively, whereas

equations for yellow birch were modlfied tD include the dlfference in wood density with

largetooth aspen.

Root mass in the watershed was assumed ta be proportional ta above-ground

biomass $Ince the variation in Ume of the contribution ri nutrtent uptake ln roots is

negllgeable as compared tD the total amount of nutrtents accumulated ln woody

components. In a mixed northem hardwood forest at the Hubbard Brook Experimental

Folest (HBEF), Whltaker et al. (1974) found that root mass was 18% of the total stand

biomasse HBEF Is domlnated bv maple, beech and blrch trees and Is s1mller tg the

Hermine watershed in terms Œ sail texture, stand age, dimate and water regime. It

enebled us tD use the HBEF ratio of root mass tD total stand mass for estImating root

mass in the Hermine watershed.

2.2.4 l4DdeIAdjustmenls: Standard CufWIS ofEmissions

European depositIon patlems ln the MAKEDEP modeI are dlffelent from those of

eastem North America. Therefore, we assembled estImates ri emlssions ln the

Ilterature for dlffeent tlme periods ln North America 50 that standard QlNeS ln

MAKEDEP would better refIect depasition in the Hermine watershed for the pel iOd being

modeIled (Figure 2.2). Ail CUNeS are ecpressed in relative values, I.e., fi'om 0 tD 100%

fi the maximum emlsslon. Above, each Ume we mention that a QlNe WIS aclJusted ta

anattler aaNe means that emlsslon trends were canserved rather than conserve the
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total amount ri a compound emltted tD the atmosphere. Matchlng emlsslon remrds in

terms of arnounts would not be acceptable since emlssion estImates ri compounds are

not necessarily estimates for eastem North America, but could be for the United States

or global estImates.

Sulphur emlssion estImates were assembled for the whoIe U.S.A. œw.een 1700

tD present etay. EstImates of sen emlssions provided bv the United States EPA (1998)

were used tD cover the 1985 ta present clay tlme span. Emission estImates ri S by

Husar (1992) helped recreate 504 deposItIon histDry between 1860 ancl 1985, whereas

the S emlssion rate from 1700 ta 1860 was assumed tD be the same as in 1860.

lime series of~ and N.... deposltlons were aeated using emlsslon estimates

comlng from three sources. Emission estImates ri NO. for eastem North AmerIca

provided bv Husar (1992) were used betvleel1 1900-1980, whereas emlssion estImates

of NHx for the U.S.A. glven by Galloway et al. (1996) were used between 1950 and the

present day. North American emlssion estImates of NOe by Galloway et al. (1996) were

acljusted tD Husar's estimates ID caver the 1980 tD present clay time periode On the

other hand, global emissian estimates of NH3 from 1900 to 1950 (Galloway, 1995) were
adjusted tD the NHx CUNe. The rates of emlssions of NO. and NH. prior tD 1900 were
assumed tD be the same as estImated by Husar (1992) and Galloway (1995) ln 1900,

respec:tiveIy•

For 502, No., ancl NH. emlssions between 1998 tG 2020, we used projections

macle by Galloway (1995) for the whoIe U.S.A••Emission projedlans of bath NOx and NH.

for North America macle bv Galloway (1995) were used tG COYer the 1998-2020 tlme

periode From 2021 tG 2100, emlsslon rates were assumed ID be the same as predicted

ln 2020. Emissions of SOz are predlctl!d tD decrease further untll 2020 in North AmerIca

and Europe, whereas NHx ancl NOx are expected ID be stable. Projedlan modeIs

suggest that the emiSSions of these compounds wililnaease signlficantly in Africa, Asia,

and South/central America (Galloway, 1995). Galioway suspects that inaeasing S and

N ernlssions in deveIoping countries will inaease the Ioading of atmaspheric 50., N03,

and N.... in North America. Whether deposition rates in North America should be scaled

wIth global ernlssion estImates rather than those ri North America is therefore

unœrtaln. We believe that bath sœnarios should be consIdered in arder tD

modeI/fOIecast sail chemiStrV.
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Many sources of ca, Mg, and Kexist, e.g., forest fires, road dust, and liming, but

these are dlffiaJlt tD quantlfy. AIveteg et al. (1998) pointed out that deposition of base

cations had ta be executed nevertheless with precision $Ince these elements will affect

. the lon-balance and ln tum, the pH and acidlty of forest salis. Hedln et al. (1994)

showed that the decrease in 504 deposition in eastem North America aver the last thirty

years was accompanied wIth a decrease cl ca, Mg, and K depositlon, suggesting that

combustion of fossIl fuel has been the main source of deposltion tA ca, Mg, and K slnce

the onset of Industrtal air pollution. In that respect, deposition of these base elements

was modeIled using the standard auve of emisslons of~. Chloride and Na are of Iess

Importance ln an Inland site such as the Hermine watershed as compared ta coastal

areas. Deposition of a was also considered tD foIlow SOz emissions, whereas Na

deposition was assumed ta have been constant fNer the years.

2.2.5 5œn8rios ofNiIJ'DfII!II Availabilty

Among sources of N in the forest ecosystem, bioIogical fixation is one proœss

that introduces uncertalnty as ta the amount of N available for plant growth. This

process Is not induded ln the MAKEDEP modeI. Folest ecosystems can acquire N

through bioIogical fixation of atmospheric N by either trt.living (bacteria) or symbiotic

organisms (e.g., rhizobium):

1) The net gaseous and aerosoI exchange of N at HBEF was estImated from net prtmary

bIomass accumulation minus net flux (precipitation Input minus stream-water output) as

weathering of minerais was assumed not ta contribute a signiticant proportion of N ta

the who'e N cycle in foi est! (Ukens ancl Bormann, 1995). The net gain in N was about

100 mmolc m·2yr.l, rnost of whlch Is IIIœIy ta originale from bioIogical N fixation. Slnce

denltrificatlan (another pl0œ55 not induded in MAKEDEP) does occur at the studV site at

rates betr,een about 10 mmok m·z yr.l (aelobic sail) and 6S mrnolc m·2 yr.l (anaerobic

sail) (MelIIIo et al., 1983), the actual amount of N brought tD the ecosystem through

bIoIogtcal fixation could be undelestlmatedi

2) In a mixed hardwood forest salis of Tennessee, the total rate of non-symbiotlc

bioIoglcal N ftxation measured on twigs, branches, Iogs, forest fIoor, and minerai sail

WIS 75 mmofc m·z yr.l, wheI BIS total denltrlflcatlon measured in the same forests

compartments was 130 mmoIc m-1 yr-l (Todd et al., 1975).
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We believe denitrlfication is also a significant sink of Nin the Hermine watershed

since very littie NOi leachlng occurs in the fall when the salis are moIst and still warm

enough tD support an active miaoftora with a redudng potential. One more source of

unœrtainty with regards tD N c.ycIlng in the MAKEDEP modeI 15 the undetestimation cl

dry deposltion. ReId measurement of both canopv exchange reactIons involvlng N ions

spedes and dry N deposltlon are under improvement so that we possess very Iittle

Information of measurements cl the contribution of each proœss tD the total input of N

and other atmosphertc elements and compounds (Parker, 1983).

The unœrtainty assodated with bioIogical N fixation, denibification, and dry

deposltlon in the MAKEDEP modeI are dealt wIth in this paper by using varlous N

availability scenarios. No enby/input in the MAKEDEP model allows the easy addition of

a constant source cl N to the system. The only way to do so is tD adjust a standard

curve of emission of a N compound. The standard curve should refIed: the supply of N

through atmespherlc depositlon, biological N fixation, dry deposltion, and the Ioss d N

through denltrlfteatlon. From histDrlcal data provtded by Bouchard (1989), it 15 dear

that southem Quebec hacl productive forests prior tD the onset of rapld Inaeases of air

pollution and fertilization of N through atmospheric cIeposition in the 20th œntury. Wlth

Iower Ndeposition, it is likely that the forests hacl higher rates of NI ftxation prior tD the

1950'5. A constant rate of bioIogical N fixation therefore does nat represent weil the

dynamlc changes in the avallabillty of N. In arder tD mke care cl part of thls

discrepancy, the standard œNe of emission of NKt was set at one (I.e., lOO1M» of

maximum emissiOns) throughout the simulation periode For example, assuming that

current deposition of NKt was 10 mmolc m-l yr-l and that the sum of current bioIoglcal N

fixation and dry deposItIon minus denltrtfteatlon was also at 10 mmolc m-l yr-l, then the

sum of bioIogIcal N fixation and dry deposition minus denltrlfleatlon priar ID industrlal air

pollution waulcl be dose tD 20 mrnolc m-2 yr-l. By doing so, we assume that the pre­

industriallnput of NKt from bulk deposItIon, dry deposition, and bioIoglcal fixation minus

denltricatlan Is the same as the curent Input~NKt, but only traces~ the pre-Industrfal

Input cl NKt wouId have been from bulk depasItion 1tseIf.

To WI'Ifv thts hypothesls, we have made simulations wIth dlfrelent rates « N

addition. The contrai consisted « a simulation ln which the original schematlc

desaiption fi the MAIŒDEP modeI was not modIfIed, I.e., the original standard aiNe «
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NKt presented in Rgure 2.2 was used and no extra N was added as the sum of

bioIogical N tbcatIon and dry deposition minus denitrtftcatlon (scenario no.1). ether

scenarios covered the range d the sum M bioIogical N fixation and dry deposition minus

. denlbifieatian reported in the IJterature. Uslng the standard auve of NKt set at one
throughout the simulation period, N was added ta the system at the rates of 0 mmolc m­

Zyr-l (scenario no.2), 10 mmolc m-z yr-l (scenario no.3), 30 mmolc m-z yr-l (scenario

no.4), and 60 mmalc m-zyr-l (scenario no.S).

Ail simulations were initlated ln 1700 wtth a deared condition (i.e., no standing

tlmber) and were ended in 2100. The commercial harvest was s1mulated ln 1900 in

zones 2 and 3, whereas tire dlsturbanœ was slmulaled in 1925 in zone 3 only. The

MAIŒDEP modeI was not designed ta slmulate stem wood harvest (on-site Iopping

operations) or fire disturbance. Rather, it was design ta s1mulate whoIe-tree harvest. At

the tum of the 20th œnbJry, IoppIng was performed directly on the site during harvest.

Nutrients contained in roots and branches were theI efore reIeased gradually ID the soil

system (stem wood harvest). Moreover, for a relatlvely intense ftre, nutrtents

accumulated in the vartous tree components would be retumed ta the soil system after

fire disbJrbanœ with about 30% of N Iost from the system through voIatilization (Knight,

1966). Prior ta calQJlating the rates d N leaching in bath zones, net minerallzatlon

aeated bv stem wood harvest and tire ln the Hermine watershed were c:orrectI!d. Mass

proportions calaJlated bv Chatarpaul et al. (1985) for each element contained in the

vartous tree components were used for simulatlng harvest and tire. My assumptlon for

net minerallzation was that tire re'eased ail nub1ents contalned ln the whoIe tree

cornponents, whereas the stem wood harvest released nub1ents in ail tree components

except the baie. The intenslty d the tire at the Hermine watershed Is not Icnovm wIth

precision and therefare, there is unœrtainty about the rates at which the burned organie

matertals reached the ground as charcœl or debris (partla.llar1y the baie). Thus, a

single rate fi nub1ent release was used ta simulate bath the harvest and tire, i.e., 20%

d the remainlng pool d nub1ents was mineralized each year. During tire dlsturbanœ,

30% fi N WIS assumed tD be Iost tram the system through voIatIllzation as estimatl!d by

Knight (1966)•
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2.3 ........DIKuIllan

2.3.1 NIIrtJgen I.e«:hIng 8eIDw the RODIIng Zone

Measured mean N leachlng rates at 50 an depth between 1993 and 1997 ln the

unbumed zone are about 4 mmolc m-z N yr-l, whereas these rates in the bumed zone

are about 2 mmolc m-z N yr-l. These leaching rates are not voIume-weighted fluxes, but

estImates assuming half of the total precipitation reaches the bottDm of the soli profile

on a yearly basis and uslng mean soli solution NO, and NKt conœntratiCl1s. Simulated N

leaching rates in the Hermine watershed at 50 an ctepth (or beIow the rooting zone)

were calculated as the residual component of the N budget in MAKEDEP (Figure 2.3).

The N budget is calQJlated as the balance ben",.n prœesses acting as sources

(atmospherlc depositlon, canopv exchange if throughfall is greatl!r than deposition, net

litterfall, and net mlneralization) and sinks (plant uptake and canopv exchange if

throughfall is Iess than deposltion). In the unbumed zone, slmulated N leaching in year

1997 Is 4.2 mmolc m-z N yr-l (scenario no. 3), 48 mmolc m-z N yr-l (scenario no. 4), and

78 mmolc m-z N yr-l (scenario no. 5). In the bumed zone, simulated N leaching at the

year 199715 1.5 mmalc m-z N yr-l (scenario no. 3), 41 mmolc m-z N yr-I (scenario no. 4),

ancl73 mmolc m-z N yr-I(sœnario no. 5).

The above results suggest that scenario no.3 reproduces the most accurately the

field leachlng rates under bumed and unburned conditions in the Hermine watershed.

However, three possible blases need ID be conslclered here. First, measured N leaching

rates are not voIume-weighted estImates which brings unœrtainty about the aetual field

N leaching rates that should be simulated with MAKEDEP. 5eœnd, the reconstruction

method in the MAKEDEP modeI does not necesslrily ac:count for the individual proœsses

involved in N cydlng with accuracy. The reconstruction of these proœsses depends on

the cIevetopment ri the stands. For example, follage growth influences uptake, Iltterfall,

ancl canopy exchange, whereas woodv components Kt on nutrient uptake alane. In

that sense, the simulated N budget may be similar ID the field values for the wrong

reasons if the stand bIomass Is poorty repnxtuœd. Thlrd, sorne proœsses known ID

haw! a signlftcant influence on N cycIlng may be omitted. For example, immobillzatlon

of N tram the net asslmllatlan/exudatlon fi m~1Zae ls suspeded as one of the

causes cl Iower soli solution N concentrations ln the bumed zone relative ID the

unbumed zone (see Chapll!r 1). In arder tu validate the tlme-series files reconsbudl!d
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with scenario no.3, an attempt ta valldate reconstructed tree growth and atmospheric

total (wet and dry) deposltlon Is made ln the next sections.

2.3.2 FoIest GIOWth andNutrient Uptake

ln thls section, we focus on the simulated results of zone 2 only, but the same

conduslons with zone 3 can be drawn. In the MAKEDEP application using scenario no.l,

woody components and the canopy in the unburned zone are extremeIy growth-limited

prior ta 1900 and ta Iesser extents in scenarias no.2 and no.3 (Figure 2.4). Simulated

woody components and canopy growth in scenarios 00.4 and no.S are not reduœd prior

ta 1900 compared ta scenarios no.l, no.2, ancl no.3. Alter 1900, simulated woody

components and the canopv grow faster in scenarios no.l and 00.2, and ta a greater

extent in scenario no.3. Tree growth in these last sœnarias are however still limited

relative ta scenarios no.4 and 00.5 (Figure 2.4).

Law growth rates for bath woody components and the canopy before 1900 in

scenarios no.l, no.2, and no.3 result tram Iow Industrlal air poIlution/atmospheric N

depositlon which leads ta Iow N availability and limlted tree growth (Figure 2.5). Alter

1900, atmospherlc depositlon œN inaeases whlch inaeases N availabillty and reduœs

N limitation of tree growth bv about 1Mb (scenario no.l), 27% (scenario no.2), and

42% (scenario no.3) compared ta before 1900 (Rgure 2.5). Nltrogen defidendes are

however 50 large in scenarios no.l ancl 00.2 that the MAKEDEP modeI failed (by

inaeasing Hh.) to match the 1997 woody camponents mass estImated in the Hermine

watershed. As a consequence, the modeI output in scenarios no.l and 00.2 does not go

further than the year 1996. This suggests that another source of N be induded ta the

original description ri the MAlŒDEP modeI, otherwise the forest does not grow ta values

reflecting the growth conditions that prevailed in the Hermine watershed.

The simulaœd woody c:omponents ln the unbumed zone aftI!r 1900 achleves

SOH., 75%, and 95% tilts maximum wood mass as fallows: scenario no.3 - SO, 110,

and 200 years, and scenarios 110.4 and no.S - 60, 90, and 180 years, respedIveIv

(Figure 2.4). As a comparison, simulated yteId tabfes provided bv salomon and Lsak

(1985) show that sugar maple stands in New EngIand usually attain these mass values

aftI!r about 55, 100, and 230 years œgrowth, respectIveIy (i.e., intennedlate index sites

such as ln the HermIne watershed). NIIrogen defIdendes occur in the simulation using
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scenario no.3 50 thlt growth rates of woody components in the first stages of stand

deveIopment are Iower than with scenarios 110.4 and no.S (Rgure 2.4). Consequently,

the trees in scenarios 00.4 and no.S reach SO% and 75% of their maximum biomass

more accurately than ln scenarto no.3 (relative tD the slmulated yieId tables ln New

England). HovIever, N avallabliity Inaeased signlftcantly at the peak d industrlal air

pollution ln the 1950'5. In tum, thls Ied tD the dlsappearanœ of N limitations ln scenario

no.3 which brought faster growth rates in the liter stages ri stand deveIopment as

compared to those in scenarios no.4 and no.S (bigerred bv a higher Mfn.) (Figure 2.4).

As a result of faster simulated growth rates in the later stages of deveIopment,

projected mass of woody components in scenario no.3 is greater than thlt in scenarios

00.4 and no.S. Henœ, the simulated growth of woody components in scenario no.3

reaches a maximum bIomass alter a more reasonable number of years of tenure (200

years) as compared wIth scenarios no.4 and no.S (180 years).

scenario no.3 Is therefare a less severe scenario of nutrlent upl3ke in tree
components (i.e., total of the clerivative of the growth aJrves ri woody components and

taliage multiplied bv their respective mean nutrient concentrations) in the early stages of

stand deveIopment than scenarios 110.4 and no.5, but is a more severe scenario of

nutrient sequestration in the liter stages of growth. Aber et al. (1998) have

demonstrated that growth rates ln sorne stands of northeastem U.S.A. have increased

over the last decades due ta inaeased rates of atmospheric loadlng of N compounds

and inaeased Navailabillty for tree growth. In that sense, the slmulated N deficiendes

and lower growth rates in scenario no.3 prior tD signlficant industrial air pollution,

foIlov4ed by more rapid tree growth in the liter stages of stand deveIopment are

supported if the reœnt inaeases in growth rates are true for dedduous folests of

southem Quebec as weil. We are unaware ho\vever ri any scientlfic demonstratian cl

inaeased growth rates in deciduous stands of eastem canada $Ince signiflcant Ioading

ri N cornpounds tram the atmosphere began in the 19OO's •

Furtherrnae, Aber et al. (1998) have shawn that N leveIs in foIlage have

inaeased due tD inaease in the rates ri atInospheric Ioading of N compounds. It is

therefore IIIœIy that foIlar N conœntrations in the Hermine watershed are higher reIatNe

ta hlstDric foRar N caaœntratlans. In that respect, the ac:cumulated net uptake ri N in

tree CDI1IponeI'ts Is Ilkely tD be CM!I1!Stfmated ln scenarios no.4 and no.s, where..
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limited growth (rnostIy woodv components) in scenario no.3 may have corred'ed this

probIem ta sorne extent. Demonstrating the inaeased growth rates and inaeased N

leveIs in taliage woulc:l be of particular interest for modeIling Iong-term soil chemistry

'and nubient availability as dynamic modeIs are very sensitive ID the projeded forest

ytekIs, nutrtent uptake rates, and minerallzatlon of the forest fIoor (Walse et al., 1998).

2.3.3 Total Depos/tIDn (Bult andDry) andQnopyExdlange

The reconstrueted total deposition of elements Is presented for scenario no.3 ln

the unbumed zone only because no observable differenœs ln deposltion of elements are

found between N avallabliity scenarios wlthin a zone and/rx between the two zones but

for the same scenario (Figure 2.6). No observable dlfferenœ in total deposition is found

for ca, Mg, K, and Na because simulated dry deposition is a low limit value d current

dry deposltlon (see modeI desaiption). 5econd, the effect of the canopv on ciry

depositIon of C, 50., and Na is hardly observable because the dltrerenœs ln the

concentrations of these elements between bulk deposition and throughfall are relatively

small and differences are likely not to be signlftcant (Table 2.1).

Unear regressions were conducted tD see whether slopes ri the simulated

deposItIon \Vf!I'e simllar to those of the measured depositIon ln other sites in

northeastem North America. Deposition data at the nearest provIndai monitoring

station of the Hermine watershed is available starting in 1982, whereas deposition at

HBEF has been measured sinœ 1963 (Ulœns and Bormann, 1995). 1"herefore,

measured depositIon at HBEF was used to valldate slmulated trends ln deposltiOn at the

Hermine watershed (Rgure 2.7). Standard errors for the 8 coefficient calœlatl!d in the

regressian module in STATISnCA 4.1 indicate that the sIopes d the regressions ri

measured and simulated Mg, K, sa., N03, NK., and a deposition are not diffelent,

wheteas thev dItfer far ca and Na (Figure 2.7). This suggests that the observed decline

in deposition ri sa.., Mg, and K aver the last 30 years in eastem North America (Hedln

et al., 1994) and N Ion spedes can be weil taken care ri bV the standard Qlrve5 ri

emissions aeated here. The reasons behind the unsucœssful simulation cl trends in ca
deposition is undear. The atœmpt tD simulate the trends in ca deposition using the

standard QlrYe ri emlssion ri SOz was not a complete fallure ho\"JeWr as bath measured

and simulab!d ca deposItIon decreIsed bv about 10 mrnolc m-l yr-t fi'am 1963 unal 1992.
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The sIopes rA the regresslons cl simulated and measured Na deposItion in HBEF dkl not

differ, whereas those rA a dlffel!d. On the one hand, sea-salt deposition may have
somethlng ta do wlth total (bulk and dry) deposItion ri these elements at HBEF (Ukens

and Bormann, 1995). On the other hand, sea-salt deposItIon ln an Inland site such as in

the Hermine watershed is not the dominant proœss of deposItion of these elements.

Differences ln the slopes of the regressions of simulated and measured Na deposltian 15

thelefore net surprtslng.

several locations ri eastem North America have rates of base cation deposlUon

simllar tD that in the Hermine watershed (Faster, 1974; Kramer, 1976 - in SCheider et
al., 1979; Houle et al., 1997). Measured ca, Mg, and Kdeposltlon at HBEF is Iower than

at the Hermine watershed (Rgure 2.7). this suggests that prcœsses other than

indusb1al emlssions contrlbute base cations in the atmosphere whlch are usually

assigned ta unknow continental sources (Cogblll and Ukens, 1974). Thelefore, standard

aiNeS fA emlssions of S02 may not be Ideal for reconstrueting base cation depositlon.

Sulphate deposltfon between the two sites are however very simllar (Rgure 2.7)•

Measured rates of deposltlon r:I N.... and NO] beb\fE!en the sites, on the other hand, are

sllghtly dlfferent but are wlthin rates « deposltion seen eIsewhere in eastem North

AmerIca (Martin, 1979; JosIln et al., 1992; Houle et al., 1997). Rrst, NH. deposltlon at

the Hermine watershed Is hlgher than at HBEF as Il Inducles bioIogIcal N fixation and dry

deposItIon minus c:lenltrlflcatlan (I.e., 10 mrnolc NKt m-z yr-l). 5ecandly, we speculate

that sorne of the differenœs in Ntt.. depositian between the sites are due ID local

manure management andlc. fertllization treatments in agricuttural fields. In that sense,

Nit. should ldeally be modeIled using local standard QlNeS d NH3 emission

reconstructed as a functlon fi the Intenslty of manure applications and fertlllzation

praetIœs in the region rather than trends of emissions for eastem North America.

The forest canopy is very effettive at filtering partlculates and fine droplets tram

the atmosphere and canopv exchange is a signifiœnt source d ca, Mg, and K tD the soil

system that should rd be negleded (Elton et al., 1973; Khanna and Ulrich, 1981;

Lovett et al., 1996). Theiefore, Iow canopy density (or Iow LAI) in scenarios no.l, 00.2,

ancl no.3 prior ID 1900 creatI!S Iower canopy exchange fi ca, Mg, and K than in

sœnarias 110.4 and no.5 (Rgure 2.8). 5imll.-ty, canopy exchange cA N ln scenarias no.l,
no.2, and no.3 let as a very smaB slnk but simulated canopy exc:hange ln sœn.-tos no.4
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and no.S is a greater slnk cA N (because cA greater canopv mass or LAI) than scenarios

no.l, no.2, and no.3 (figure 2.8). uechty et al. (1993) observed NH.t absorption from

incident precipitation bv northem hardwood foIlage at one of ftve sites and atb1buted

, the slnk ID N defidency. Slmllarly, Lovett et al., (1996) reported at the HBEF net

negatlve thraughfall of NHt and sllghtly positive N~ net throughfall and expIained that

N retention in tallage is common in arus remote from atmospheric emissions of N. In

the Hermine watershed, N deficiencies were tound tD be significant with aspen and birch

trees using the compositlonal nutrtent diagnosis (Qapter 1). However, diffelenœs in

the fluxes of N between wet deposltlon and throughfall are probably not slgnlflcant

(Table 2.1).

Exchange d ca, Mg, and K wIth the canopies cA maple, beech, and birch trees

was assessed reœntly at HBEF (Lovett et al., 1996). In thls study, Ca deposItIon fluxes

during the growing seasan inaeased between 4.7- and 5.3-foId after its passage

through the canopv, Mg deposition fluxes inaeased by 6.3- ta ll-foIcI, and K fluxes bv
23- tD 28-fokI. In the Hermine watershed, throughfal1fluxes inaeases are lower: ca
fluxes in throughtall are 2.4- ta 2.7-foId greater than fluxes in inddent precipitation, Mg

fluxes in throughfall about 3.0- ID 3.5-fokI greater, and K fluxes are about 18-faId

greater (Table 2.1). Inaeases d these elements in throughfall fluxes are expected tD

be Iower in the Hermine watershed as inaeases are measured on a yearly basis

compared tD measured inaeases between May and August (Lovett: et al., 1996).

Indeed, canopv exchange Is qulte Iow during the winter manths when precipitation falls

as snow and Ieaves have fallen (Veny and Tlmmons, 1977). Further analysls of the

Hermine watershed's bulk depositIon and throughtall data is however needed ID

detennine factors (spatial and temporal) inftuendng canopy exchange reactIons

involving ca, Mg, K, and N.

2A ConcIuIIon

Dynamic SOiI mocIeIs could be a useful tDoI far forest management if an accurate

and simple method ID recanstruet tirnHel'les files couId be deveIoped. In this paper,

we have madelled the N cycle ln a folestI!d ecosystem uslng MAlŒDEP with some of its

schematic desaiption changed tD better .efIecot the situation cl N availabillty for tree
growth al the Hermine watI!rshed. A sœn.-io that added 10 mmolc N.... m-1 yr-l under
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bumed ancl unburned conditions through bioIogical N fixation and dry deposition minus

denitrification seems tD have recreated N leachlng rates wIth ~bIe precision. We

also found that addlng N tG the modeI was neœssary for the trees tG grow at rates

approximatlng field measurments. We belleve howew!r that the general approach used

tD calculate the vartous cydlng pror;e5ses (e.g., deposItIon) as weil as the precision in
the Input parameters aeates uncertalnty ln the modeI output whlch puts doubt as tG Its

abillty to modeI soli chemlstry far site-specitIc conditions. At the present leveI of modeI

deveIopment, It would be wtser tu use the combinatlon d MAKEDEP and dynamlc soli

modeIs to provide a general Indication d the sustainabillty tA current forest

management in a partlcular region rather than at a partiallar site. In canada, it is

thetefore possible tG achieve such a goal $Ince many federal and provindal model

forests otrer a wide range of data that would meet the requirements of the

reconstruction method presentI!d here. AIthough there are uncertainties associated with

the input data, the spatial resoIutIon used for these applications would glve more

freedom vis-à-vis the interpletation of the modeI output and will help calculate attical

loads of addity as a functlon fi antldpated forest operations. COr1sidering the above, an

indication d the applicabillty of the SAFE modeI tG repnxluœ soil chemistry under

bumec:l ancl unbumed condItiGns at the Hermine watershed is given in the next chapter

using the Ume sertes files aeated here.
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figure 2.8. Slmulllted canopr exdl8 In zone 2 ln the
Hec.iilne no.l."" no.3•
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T.bIe 2.1. ....n flux. of dlIIolved su........ In bulk depalltlon end
th......."'-II of..2 (unbumed) end zone 3 (bumed) ln the He. 1111ne
................n 1194ellll 1997.

---(mmolc m-2y,-1)_-
lulk depoIItIon Th.........,.11

SU....nœ zone 2 zone 3
NH4 14.8 :tl0.6 15.0 :1:13.3 10.7 :1:11.5
ca 15.4 :t7.35 37.6 :1:23.7 42.0 :t23.7
Mg 4.25 :1:4.71 12.9 :1:9.32 15.0 :1:10.4
K 1.76 :1:4.43 32.9 :1:26.7 31.0 :1:22.7
Na 4.88 :t5.29 5.81 :1:4.72 4.82 :t3.78
504 40.9 :1:24.0 42.0 :1:20.2 43.0 :1:19.2
~ 24.3 :t13.8 22.7 :1:13.2 22.3 :1:12.8
a 12.3 :1:10.7 12.1 :tl0.2 9.47 :1:6.60
Values on the rlght express standard devlatlons.
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T.bIe 2.2. Mun nutrlent concentrations m...... ln fol. between 1994.nd
1117 .ncI ...m..... In other trM component8 of zone 2 (unbumed) .nd zone 3
(bu""") • the Hel lit .

"ncheI
6.12 :1:0.55
0.43 :1:0.05
1.82 :1:0.20
1.93 :1:0.1]

2.20 :1:0.31 22.6 :1:1.48
0.38 :1:0.07 0.62 :1:0.06
0.98 :1:0.03 3.96 :1:0.19
0.86 :1:0.09 3.88 :1:0.18

Concentnltlonl~ _

------Unburned------
Stem Wood Stenl IBrIeFol'"

7.70 :1:2.04
1.43 :1:0.61
6.26 :1:1.24
19.6 :1:3.39

ElelMllt
ca
Mg
K
N

------lurned------
EIe....t Fol. "m Wood Stem lB,. ....nch.
ca 9.21 :1:2.44 1.73 :1:0.24 15.7 :1:1.25 6.13 :1:0.67
Mg 1.89 :1:0.70 0.33 :1:0.06 0.65 :1:0.05 0.60 :1:0.07
K 8.36 :1:1.95 0.97 :1:0.11 2.86 :1:0.18 1.96 :1:0.22
N 20.8 :1:3.85 0.81 :1:0.06 3.52 :1:0.16 2.30 :1:0.19
Nutrient concentrations ln stem wood, stem bark, and branches are estImates produced
tram equatlons for estImating above-ground nutrlent contents ln sugar maple, red maple,
yellow blrch, and trembllng aspen (Chatarpaul et al., 1985). Values on the right express
standard devlatlons.
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Ta" 2.3 Mun IllteIf.11 flux. m••su'" In zone 2 (unburned) and
zone 3 (burned) .t the Hellillne _t8....... between lIN Incl 1917
and the e8t1....ted Index ofnub lent l'8tnInsloaltion Ind .....Ing (..)

from"'".
L1*rfall (mmole ",-;a ,,-1)

Element Unburned lurned
ca 175 (1.04) 168 (1.02)
Mg 38.4 (0.73) 41.6 (0.73)
K 17.6 (0.25) 24.9 (0.32)
N 167~ 1~~__
Values ln parentheses express the Index of retranslocatton and leachlng calculated as
the ratio belween measured Iltterfall fluxes and estImated nutrlent uptake ln foliage.
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T.bIe 2.4. btI......1 of the component bIom_ of zone 2 (unburned)
.nclzone 3 (burned) .t Ille Helnllne ........... In 1117.

-110..... Cg m..2)=- _

T..CDIllDOMIIt Unburned lurned
Roots2 3.94 3.28
Stem wood 12.2 10.4
Bark 1.38 1.11
Branches 8.33 6.71
C8nopy (Ieaves" twigs) 0.44 0.36
Total 26.6 22.1
~ree component masses are estImates based on alJometrlc equatlons for sugar maple,
yellow blrch, and Amerlcan beech (camlré et al., 1999). 218% of the sum of stem
wood, bark, and branches (I.e., wood mass) accordlng ta bJomass data from
Whltaker (1974) ln a hardwood stand of New Hampshire, USA.
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CONNEC IIIW PARAGRAPH

Assessing the sensitMty ri the MAKEDEP modeI tD N avallability has helped

identify the set d time-series input files ri nutrient cycIing that refIects the most N

. leaching and tree growth under the bumed and unbumed concIitions at the Hermine

watershed. In the next chapter, 1 use these time-serles files tD simulate soil chemlstry

under bath conditions and use the dlfferences ln site hlstDry withln the watershed as a

t'DaI tu validite the mathematlcal and schematlcal desatptlons ri the SAFE modeI•
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3.1 Introdudlon

Freshwater acIdftcation caused by the deposltlon cA ackIc compounds has been

. observed in eastem North America and northem Europe (NUsson, 1985; Reuss et al.,

1987; Schindler, 1988; Kirchner et al., 1992; Ukens et al., 1996). In mntrast, the

evkIenœ that links addic depositlon wIth changes ln the acid-base status of the soil Is

nct convlndng: sorne believe that forest soils have addlfted due tD many decades of

acld deposltlon (Reuss and Johnson, 1986; JohnstDn et al., 1986; Ulrich, 1989; Ukens,

1989; Falkengren-Grerup and ErIksson, 1990; Johnson et al., 1991; ShortIe and

Bondletti, 1992; Johnson et al., 1994), whlle others suggest that acldlc forest sails may

have been the product of natural ackIlftcation praœsses, e.g., the uptake of base cations

by vegetation, the dissociation cl organlc adds, and nitrification (Krug and Frlnk, 1983;

Van Mlegroet and Cole, 1985; Turner and Lambert, 1988).

Bath natural and anthrapogenlc sources of H+ tD the soil solution addlfy the soil

as foIlows. In the forest fIoor, the H+ will replace base cations adsarbed on the soil

exchange complex. In the minerai soil, a deaease in soil solution pH can mobllize Al3+

whlch can subsequenUy displaœ base cations tram exchange sites (Reuss and Johnson,

1986; Henclershot et al., 1991; Lotse, 1999). As a result, leveIs of base cations ln the

sail solution Inaease inltially with Inaeasing H+ actIvity, and are removed from the sail

in leachate. If the base cations lest through leaching are not replaœcl by minerai

weathering or atrnospherlc inputs, the long-term soli response will be a deaease ln base

cation concentrations ln the soli solution, and then a decrease in base saturation and the

Ioss d sail fertlllty.

ln eastem North America and Europe, soil acidification is suspected as one factor

contributlng tD forest dedlne. Rrst, a deaease in base saturation means that base

cations become Iess avallable tg plants and can lead tD nutrient deftdendes ln forest

stands (Hendershat and Jones, 1989; Ulrich, 1989; OUlmet and camiré, 1995; de Vries

et al., 1995). A second poblem origlnates from inorganic AI phytDtDxldty sinœ pH

values d beIow 4.2 may leiIcl ta high conœntrationS cl AI ions in the soli solution (Ulrich,

1983). Despite the uncertalnty ln the avallable data on inorganlc AI tDxIcIty tD trees, a

(ca + Mg + Kl/AI mol.. ratio Iess than 1.0 is usualy considered tD Inhibit plant grawth

(Sverdrup and Warfvinge, 1993; Cran., and Grtgal, 1995).
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AIthough atmospheric S emissions have decreased reœntly in bath North

America and Europe and are llkely tD continue decreasing if goals cl international

agreements are reached, the latest N emlssion estImates for the 211t œntury are much

Iess encouraglng. Galloway et al. (1995) showed that N emissions inaeased in most

parts cl the wortel sinœ 1950 and are expected tD inaease further within the next 50

years, particularly in deveIoping countries such as China (Galloway et al., 1996). An

exœss of N in forest soils and inaeased nitrification muid mean higher IeveIs cl H+ in

the solution and further removaI of base cations from the soil envlronment through

leaching lasses (Van Migroet et al. 1992). Further, narthem Europe has witnessed over

the last 30 years substantial inaeases in plant growth due tD inaeased N availability

(Binkley and H6gberg, 1997). AIthough a slmilar response has yet to be demonstrated

throughaut eastem North America, growth rates were shawn tD have inaeased in sorne

forests cl New England (Aber et al., 1998). Uptake of cation nutrients would be

expeded ta inaease with inaeaslng growth rates and in tum, depletion cl the soil base

cation pool would occur. It is therefore inaeasingly important to assess the effects of

acid deposition on soil chemistry in orcier tD set adequate air quality standards that will

assure the health and vigour cl forest stands.

ldentifylng the PIocesses goveming soil ackllty in forest soils is diflicult sinœ a

farest is a highly complex interadlve system ln which praoesses ad: as combinations on

soli chemistry. This has Ied sdentists tD deveIop modeIs that allow the examlnation of

acidification and buffering prooesses as a whoIe instead d quantlfylng each proœss

indMdually. MAGIC (Cosby et al., 1985), SMART (de Vries et al., 1989) and SAFE

(Warfvlnge et al., 1993) are examples d such dynamlc simulation soil modeIs. These

modeIs require historie information d atrncspheric depositIon and cycIlng of major

elements as Input data. The Ume sertes input ftles were assessed ln Chapter 2 for

burned and unbumed zones at the Hermine watershed.

An approach tD validite pre-industrlal seil conditions i.e., prIor tD tire

disturblnce, subsequent c:harIges in spedes composition, and atmospheric Ioading of

strong acIds, is tD calibrate the computer simulation modeIs for sites where factors

drivlng soli formation, e.g., dlmate, parent rnaterlal, ancl tapography, are simlJar but

forest dlsturblnœ hlstDry is dltrelente Flm, we assume the pre-industrlll sali conditions
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calculated bv dynamlc modeIs will be s1mllar between the unburned and burned zones

$Ince pre-industrlal forest hlstory used as Input ln thls application 15 assumed tD be the

,same. Second, variations ln stand dynamlcs and spedes composition after ftre

dlsturbance (aspen ancl birch in the burned zone, and maple in the unbumed zone)
should have an effect on nutrient cydlng which would then modify the add-base status

of the soli. We have suffident information at the Hermine watershed tD fulftll mocIeI

requirements for bumed and unbumed sections and therefore, the data offers the

possibillty of validatlng pre-inclustrial soli conditions in that fashion. The objedIves of

this paper are 1) tD evaluate the performance of the dynamic biageochemical mocIeI

SAFE tD reproduœ current sail ancl sail solution chernlstry for unbumed and burned

sections in the Hermine watershed, 2) to test whether SAFE will repI oduœ simllar pre­

indusb1al soil conditions ln the bumed ancl unbumed zones, 3) identlfy the major

processes responslble for soil acidification, ancl 4) forecast how soli chemlstry muid be

affeâed bv addic deposltlon ancl tlmber operations•

3.2 M.........ad Methods

3.2.1 NodeI desalption

The SAFE modeI is a dynamlc, proœss-ortented sail model that simulates soli

and soli solution chemlcal composition based on a schematic description of nutrlent

cydlng and slte-spedftc parameters. The schematic description of the SAFE model

indudes: 1) atmospheric depasitIon of ca, Mg, K, Na, N~ NKt, 50., and C, 2)

mlneralization of ca, Mg, K, and N in litter, 3) canopy exchange of ca, Mg, ~ and N, 4)

plant uptake of ca, Mg, ~ and N, and 5) net mlnerallzatlon of ca, Mg, le, and N (Figure

3.1). Ail ofthese proctsses are spedfted in the SAFE modeI as tlme-sertes files. SAFE Is

a modeI of a forest soli that Includes mathematlcal proœss-orIented descriptions of

cation exchange reactions, chemical weathering of minerais, Iead1lng and accumulation

of dissalved chemical campaiaents, and sclution equllibrium reactions involving~

organlc ackIs ancl AI-species (Rgure 3.2). The soli profile can be divkted intD a maximum

ri six layers whldl correspancI ID the natural soli horizons. Each horizon Is assumed ID

be chemically and physically hamogeneaus. The PIcœsses included in the SAFE modeI
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lnteract only via the soli solution. A full desalptlan of the SAFE madeI can be found in

Warfvlnge et al., (1993) but a brtef desalption ls given here.

Sorne chemal reaetlons were slmpllfled or omltted. For one, cation nutrlents

(ca2+, Mg2+, and ~) are lumped tDgether intD one divalent cation component, i.e., Bez.,

whereas Na+ ls 19nored as an exchangeable species as weil as a nutrient since lt is a
conservative element. At the Hemlne watershed, for example, Na occupies less than

lCMa of the soil's cation exchange capadty (CEe) ln bath the forest ftocr and minerai soil

(Chapter 1). 5econd, sol- adsor ptIon, whlch may affect the CEe ~ the sail is not

modeIlecI. Most young forest soils such as ln the Hermine watershed (i.e., gladated

during the Quatemary) have Iow 5042- adsorption capaclty so that neglecting thls

chemlcal reactlon should nevertheless provkIe acceptable slmulated results.

Changes in sail ackIty expessed as add neutrallzing capadty (ANe) ancl cation

exchange capadty (CEC) are slmulated bv calculatlng the mass balance tA the variou5

proœsses contrtbutlng tD or consumlng addlty. The foIlowing dlfferential mass balance

equatlon consUtutes the frarnework ri the SAFE model:

~ = Q ([ANC).-[ANC])+Rw-Rx-Rac+RN (Eq.3.1)
dt z .9

where no subsalpt refers tD conditions ln the sail layer as weil as in the leachate of that

soil layer, 5ubsaipt "ln- denotI!s concentrations ln the lnftow tD the compartrnent, z 15

the physlcal helght of the soillayer (m), 8 15 the volumetrie water content (m3 mal), Q 15

the fIow intenslty through the layer (m3 m-Zyr-l), Rw is silicate weathertng, Rx is cation

exchange, Ret is base cation uptake, and RN i5 nltrogen uptake (ail R expressed br the

rate at whlch thev supply or withdraw ANC ln mmolc m-3 yr-l). If there Is variation ln the

hydrologlcal conditions fn:m year tu year, changes ln soil solution concentrations will

occur due tD dilution or concentration. Mass balances are also used tD determlne ~+,

N03- ancl NK.+ ln the soli solution.

The bufferfng ri the Ilquid phase is controlled bv the carbonate equllibrium

reactions, the dissolution-precipitation reac:tIons of a soAld glbbsite phase, produdng

various dwgecI AI-oH comptexes, and the add-bise reactions ~ a monovalent organic

add (RH):

[ANC) • [OK] + [Rl + [HC.O,1 + 2[CDJ~ - [H1 ... 3(W+] ... 2[AI(OtY~ - [AI(QHh~ (Eq. 3.2)
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where NH..+, SDl-, and SCZ+ are neglected as thev are not believed ta be involved in the

add-base reactIons in the IIquld phase. In equilibrium, spedes from the right hand !Ide

. of the equatlon can be estImated based on the solution H+ concentration. In that

respect, soil solution ANC is a function rA pH, and vice-versa. Species of the COt system

are calculated wtth the equilibrium equatlons given by Henry's law for H2C03 using soli

J:Im as input The dissociation of RH is not modeIled bv the rate rA mineralization of

organic matter but rather spedfted as input data using concentrations of dlssalved

organic carbon (DOC) in the sail solutions. It should be noted that the complexatlon of

AI by organie ligands is not induded ln the SAFE modeI as gibbsite (AI(OH)3) is used ta

produœ inorganle species only. The gibbslte soIubility constant relates the

concentration cl free AJ3+ ta pH using the relationshlp [Al31 = Kg [H13
•

Insteacl of belng an input ta the modeI, weathering rates are calculated from soil

propertIes. The surface reactlons ri minerais foIlow Idnetle rate laws. The total

weathering rate (R.) equals the sum rA ail dissolution rates of fourœen minerais. The

dissolution ri minerais can be inaeased by augmentlng H+ actIvIty, organle adds

concentrations, ancl elevated CCh partial pressure, but any inaease in AJ. and base

cations concentrations in the soli solution will decrease the rates of minerai weathering.

The sail moisture content determines the expcsed minerai surface in contact with water.
Weathering rates are also affected by the soil temperature whlch Is modelled uslng an

Arrhenius equatlon.

The exchange reactIons bet\wen H+ ancl ~+ are madelled as reversible

chemical reactIons. cation exchange is proportional ta the dlfferenœ in SCZ+
concentration ~een the exchange complex and the soli solution (i.e., soli solution pH

does not affect mass transfer). Further, SAFE relies on input data tD specify the

magnitude of ~+ and N uptake by wgetatlon in the vartous soli horizons. Ail N is

assumed ta be deposited as HNOJ, which means that the addition of NH..+ in

atrnospheric depositIon contributes addity through oxidatIGn. In SAFE, uptake of sca+
by plants produœs addIty as plant roaIs réease H+ in the soli solution in exchange for

base cations, whereas NO,s- uptake contrlbutes alkallnlty fram the reIease « OH-.

To assure that the simulation refIects changes caused by variations ln extemal

and intl!mll Ioads, the SAFE modeI must be started prIor ID inclustrtallzatlon 50 that the
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soli 15 under a steady-state, I.e., ail sources Œ addlty and alkallnlty are balanœd. These

steady-state conditions are calculated wIth the PROFILE rnocJeI which indudes the same

chemlstry as SAFE but salves the algebraic equatlons that result from settlng ail

dltrerentlals tD O.

Unœrtalntles ln the SAFE modeI output assodated wIth the Imprecision cl the

input data was assessed on most soil propertIes (Warfvtnge and sancMn, 1992). Soil

bulk density and specifie surface area were found tg be the most sensitive parameters

on simulated ANC, foIlowed by soli moIsture content and temperature, and then by C02

partial pressure and cee. As a Nie fi thumb, Inaeaslng minerai surface arel and cee
by 25% inaeased soi1 solution add neutrallzlng capadty by about SO% and 2%,

respectlvely

3.2.2 StudySIœ

The study site is Ioc:ated in the Hermine watershed at the Station de BiDlDgIe des

Laurenlldes de l'Université de NofItlSl near saint-Hippolyte, Quebec, in the Lower

Laurentians. 5ee Chapter 1 for a full description.

3.2.3 Field SIudy andUbDraIDryAnalysls

sampling and analysis cl salis and soli solutions were performed as described in

Chapler 1. When soil profiles were dug tD install the Iystmeters in the plots (3 plots per

zone for a total fi 9 profiles), the FH-Ah horizons and the diagnostic B horizons (3

$Impies rA B in each profile) were sampled and analysed for two physical propertIes: 1)

partlde size distribution was determlned uslng the hydrometer method with samples

treatI!d wtth NIOCI and DC8 (Day, 1965), and 2) bulk densItV was estImated uslng the

uncontlned compression method on matertal rA 2 mm or ftner (Cullev, 1993). aay

mlneralogk:al analysls dB horizons wtthln the watershed were performed on Mg-, K­

and HC-treatI!d dly fractions by X-ray dlffractlan (XRD) and conb1but1ons of each

minerais found wtth )(RD tD the tatal soil matrtx were estImated after running a total

chemical analysis on these samples (McCourt, 1993). Mineralagical composition rA

Naoa and DCB-treatI!d maœrial ftner than 2 pm CDlIecœd tram the 9 sail ptoftles was

also determined in this stueIy on nan-oriented slldes using XRD. SOiI moisture and
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temperature were measured perIodlcally fram 1994 ta 1997 wlthln each plot at a cIepth

of 50 an using time-domain refIedDmetry ancl a standard alcohol thermometer,

, respectlvely. Soil moisture was alsa assessed in the FH horizons using the ThetaProbe

technology in zone 1 in 1996.

3.3 Madel PlI........._tian
3.3.1 Soil propertIes

Means and standard deviations of soli density and texture measured in the tluee

zones al the Hermine watershed are presented in Table 3.1. The di"erenœs suggest

that the parent material in zone 2 and zone 3 Is simtlar, whereas the material in zone 1

is ditferent from the two other zones. Further, drainage and topographie similaritles

bet\veen zone 2 and zone 3 (well-drained salis in the uppermost secticns of the

watershed in contrast tD hydromorphle condtions in zone 1 near the stream) suggest

that the rnost sultable sertes cl simulations between unbumed and bumed sections in

the Hermine watershed Is belween zone 2 (unbumed) and zone 3 (bumed). Despite the

tact that the XRD methocI only allows a semi-quantitative assessment of the proportion

of each minerai tu the total soli matrix, our results also support the above statement

about the composition rA the parent material.

The soil chemical, physical, and hydrologlcal propertIes usecI tD run the SAFE

modeI are presented in Table 3.2. The sail profiles were dMded Into two layers, I.e., FH

(10-0 an) ancl &hf-Bf (0-60 an), ta fit wIth the soli and soil solution chemlstry data

(1993 tD 1997) we passes for the forest fIoor (0 an) and the minerai soli (50 an) in

these zones (Olapter 1). These data provkIe base saturation, cation exchange capacity

(CEe), and dissolved organlc carbon (OOC) for the modeI.

Since each « the diagnostic B horIzans had approxlmately the same proportion

in thickness relative ta the total thickness of the 3 diagnostic B horizons, the average of

the 3 soil horizons for sail bulk density and specifie surface area was used (Table 3.2).

SpecIfie surface area was calaJlatI!cI from the measured particle size distribution and sail

bulk density wIth a simple algorithm 15 desaibed by J6nsson et al. (1995):

A" =(0.3 .A sand + 2.2 .A'Mt $lit + 8.0 .~ day) • (lbuIr/l000) • x% cl CF

where At. is the expased minerai surface arel, Iiuk Is soil bulk densIty, CF ~esents
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cœrse fragments, and the sum d day, silt, sand, and coarse fragments equals 1 (Table

3.2). Coarse fragments were assessed in the field on ail the soil profiles using the

Munsell chart dlagram far determlnlng coarse fragments. Mineralogy ln the minerai sail

of zones 2 and 3 wu assumed tD be homogeneous, whereas no minerais are assumed
tD be present ln the forest ftoor (Table 3.3). Mean sail moisture content measured from

1994 tD 1997 at 50 an depth and ln 1996 ln the FH ftoor were used dlrectly as input for

the Blayer and the forest ftoor, respec:tIveIy (Table 3.2). Slnce specifie surface area and

soli bulk density are inputs tD calculate minerai weathering and that minerais mixed with

the organle matter in the farest fIoor is mostIy sillca from the hlghly weathered M

horizon. SpecifIe surface area and soli bulk density ln the forest tIoor were the tiare set

tD zero (Table 3.2). Mean soli temperature measured :n the minerai soli from 1994 tD

1997 was 6.50 cetsius.
Soli COz partial pl" sure calculated by castelle and Galloway (1990) in adelle

forest soils in Shenandoah National Park, Virginia, were used for the SAFE application at

the Hermine watershed (Table 3.2). In SAFE, COz is involved in Ylt!lthering reactions

and is a component of the buffering system rA the soil solution. The influence of COz

partial pressure on slmulated ANC WIS however small when at soli pH beIow 5.0 as

carbonie acid falls tD dlssodate and AI butrerlng dominates (Warfvlnge and Slndén,

1992). Values rA pH faund ln the ftrst meter of the sail profiles ln the Hermine

watershed are therefore tDo ackIc for carbonlc add tD dissodate and contribute

signiftcantly tD minerai weathering and buffering the solution.

BIoom (1983) doubts glbbsite contrais AI concentrations ln the soil solution sinœ

it has very slow kinetlcs. AIso, the wide range cl gibbsite equilibrlum constant found ln

field measurements (see review by AM!œg et al., 1995) casts doubt on the posstbillty of

using glbbsite tD predlct AJ!+- activIty in the soil solution. Glbbsite has not been found in

the Hermine watershed or ta our knowIedge elsewhere in scuthem Quebec. Data near

the stuc:IV site Indlcale however the pres...œ Œ hydroxy-interlayered verrnlcullte which

may control AJ soIublllty at values dose tD those of AI(OH):s (CGurchesne and

Hendershot, 1989; HencIershot and Caurchesne, 1991). Therefore, the medlan value of

the apparent soIubHlty constant rneasured in the foi est ftaor and the BhorImns Just
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outsIde of the Hermine watershed (Hendershot and Courchesne, 1991) were used for

the SAFE application in the Hermine watershed (Table 3.2).

On the one hand, Lajeunesse (1990) observed that about 70% of fine root mass

ln the Hermine watershed is Iocated ln the ftrst 25 an of the soli (forest fIoor and top of

minerai soli). Au (1999) measured N Induœd respiration (NIR) rates ln the forest floor

at the Hermine watershed ID be about 40 tirnes greaœr than NIR rates measured in the

minerai soli. Using an average depth and density for each soi1 compartments, we
determlned tram Au's data that 62.5% of the total N mlnerallzed ln the soil proftle

occurs in the forest tIoor, whereas 37.5% occurs ln the flrst 25 an of the minerai soli.

ConskIerIng the relatively tight N cycle, 60% of Ils total uptake was allocatecl in the

forest ftoor (10 an thlck), whereas 40% d total N uptake was allocated ln the minerai

sail (60 an thlck) (Table 3.2). Conversely, sources of base cations are not restricted ID

the forest fIoor and can be supplled through minerai weathertng along the soli proftle.

Thetefore, cation nutrients uptake (Iumped intD a single divalent cation - &el+) was

allocated evenly throughout the soli profile as a functlon of root mass and layer depth,

i.e., 30% of uptake in the forest tIoor and 70% in the minerai soil (Table 3.2).

We possess very littie data regarding the tIow of water wlthin each zone 50 that

a simple hydrologlcal modeI was used. Water fluxes within the sail profiles were
assessed based on the relative capacity of the soil lavers ID hold water, i.e., ac:cordlng to

Ils depth and rooting distribution. Biron et al. (1999) determlned that about 45% of the

WIter whlch entered the Hermine watershed as precipitation (1994 tg 1997) exIted ln

stream runaff. Twenty percent of the water was therefore assumed ID be removed tram

the forest tIaor, whereas another 30% was assumed tg be removed tram the ftrst 60 an

of minerai soil (Table 3.2). In thls case, 40% of the total amount of water tD be

absorbed Is wlthdrawn tram the forest fIoor compared ID 30% of the total amount of

base cations ID be wlthdrawn bv vegetation 15 taken up in the forest ftoor.

3.3.2 PIIStdeposit/Dn andnulrientcyr:Iing

ANeteg et al. (1998) deveIoped the MAKEDEP modeI tg estImate past, Qlrrent,

and future nutrtent cycIlng for sites ln Europe where only Ilmltl!d information Is avallable•

These authars popased thls method (as 1 common set tA assumptlon5) 50 that It
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becomes easier 10 detect Invalld assumptlons ln modeI formulation as weil as ln the

reconstruction 5Cheme. In that respect, the MAIŒDEP modeI was preferred for the

reconstruction !tep. A full desalption cl the procedure can be found ln Chaptel" 2.

The objective ln Chapter 2 was 10 find the N availabliity scenario that would

agree the most accurately wIth cunent forest bIomass and N leaching in the unbumecl

and burned zones. The simulations presented here for bath zones use the estimates of

nutrlent cyding reproduced with the 10 mmolc N m·1 yr.l availablilty scenario.

Reconstrudl!d nutrient cycIlng was clone assumlng a deared condition back in 1700,

harvest in 1900, and fire disturbanœ ln zone 3 ln 1925. Detalled Information on the

time series files ri input aeated for the unburned and bumed zones ln the Hermine

watershed are found ln O1apter 2. Base cations, 504, and a deposItIon was inaeased

bv SO% based on dry deposition estImates given by bath Parker (1983) and Johnson et

al., (1996). This was tD take IntD consideration the undelestlmation of dry depasltlon of

these elements associated wtth the method in MAKEDEP. The inaease in deposition

was clone as a function of fallage growth tD inducle the filtering effect of the canopy. Ail

simulations presented here are initiated in 1700 ta obtain stable pre-industrial

conditions. Simulated results are however presented starting in 1800 when calculated

soil chemistry was at a ~industrtal steIdy-state.

3.2.3 PrecIpitation

PrecIpitation data for St-Hippolyte is avallable tram 1964. A linear regression

was performed between Montreal and the St-Hippolyte station ta produœ data prior tD

1964. The McGIII University station was chosen for the Montreal station $Ince Il was one

of the few ln existence bv the tum cl the 20th œntury. PrecIpitation reaJIds cl the

MtG111 University station were therefore taken for the perIod 1900-1964 as the

correlation bet\veen the St-Hippolyte and MtGiII UniverSity data was marginally

signlflcant at pcO.12 wIth an R2 cl 0.30. 1hase fi St-Hippolyte were taken thereaftI!r

untll presentdly. The precipitation data tram St-Hippolyte (years 1964-1997) was used

ID provide the Input prIor tG 1900 and aftI!r 1997.

SUmmary equatlans of Hetvev (1971) for computlng throughfall and stemtIow

wIth ralntall measurements in St-NppoIyte were used:
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1 =S[R -(0.91R- 0.015) - (0.062R- 0.005)]

where Ils Interception (mm yr-l), R 15 ralnfall (mm yr-l), O.91R - 0.015 15 throughfall,

0.062R - 0.005 15 stemfIow, and S 15 the conectIon factor for snow Interception as It is

often greater than interception of raln bv about 20% (Miller, 1967). 51nœ the

watershed reœIves 30% d precipitation as snow, Swas set at 1.06.

3A Relu'"
3.4.1 SlmuMtI!d~NeiIsuredSDlI andSolI SoIutkJn Chemlstry

Slmulated mean base cation, N Ions specles and 504 concentrations ln the forest

ftoar and the minerai soli bet1:seen 1994 and 1997 are ail withln %15% d measured soli

solution ion concentrations far that same pertod, except for N ion specles ln the forest

ftoor rA the bumed zone where slmulated concentrations exœed bv 85% the measured

concentrations (Table 3.4). The log transformation of pH values show that slmulated

mean H+ concentrations bel\veen 1994 and 1997 are wtthin %30% rA measured rnean

concentrations, except for simulated H+ in the minerai soil d the burned zone where It

exœeds measured mean concentrations bv 50% (Table 3.4). The SAFE model is

callbrated on base saturation 50 that the agreement between the slmulated and

measured mean values for the forest ftoor and minerai soli ln bath zones was expectI!d

(Table 3.4).

3.4.2 Changes ln Ion D:JnœntraliDns ln SolISdutItJn Thrœgh Tlme

Concentrations rA base cations in the forest ftoor are relatlveIy hlgh and stable

beb:JeeI1 1800 tD 1900, decllne after the hal'WSt in 1900 ln bath zones, lnaease

thereafter tD reach maximum concentrations around 1970, and then dedlne untll

PIesent clay tu about 8QIMa rA maximum concentrations (figure 3.3). Patb!ms rA bise

cations ln the solutions of the minerai soli ln bath the unbumed ancl bumed zones are

slmilar, I.e., slmulated concentrations are Iow but stable from 1800 ID 1900, inaease

sharply ln 1900 after the harvest, ftuc:tulte bet\veen 200 and 300 JIf'ICJIc L-t untll 1970,

and decreIse tD ... rA maximum concentrations untll present clay (Figure 3.4). A

sharp Increase ln bise cation concentrations in the solution of the farest tIaor and

minerai soli is simulaœd after the 1925 flre in zone 3.
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Simulated N concentrations in the soli solution of the forest tIoor Is fairly stable

during most of the simulation periocI, except that sharp inaeases occur for about 10

years alter the harvest and 5 years after flre disturbanœ in zone 3 (Figure 3.3). In the

minerai soil, leaching fi N only occurs in the late stages of deveIopment of the first

stand (starting around 1890), after the harvest (1900), in the early stages of stand

cIeveIopmentofthe second stand (untll about 1920), after fire disturbanœ in the bumed

zone (1925), and at present tlme (Figure 3.4).

Patterns are slmilar in bath zones and at bath depths, i.e., concentrations

lnaease at the same rate as 504 deposItIon does untll 1970 (see Chapter 2 for

reconstructed hlstory of 504 wet and dry deposItIon) and deaease thereafter (Agures

3.3 and 3.4). A temporary decrease ln 504 concentrations ln bath the solutions of the

forest ftoor and minerai soil occurs in the bumed zone alter fire dlsturbance.

3.4.3 Pre-industr181 soli pH, lJiJse saturation, and Soli Solution Add Neutralizing

C8padty (ANe) andOIanges TlllfJugh T1me

The simulated forest fIoor pre-industrial (at the year 1800) pH in the unbumed

zone Is 5.21, whereas simulated forest ftoor pre-industrlal pH in the bumed zone Is 4.70

(Figure 3.5). Simulated pre-Industrlal pH of the minerai soli 15 5.92 ln the unburned

zone and 5.63 in the burned zone. Forest fIoar pH ln bath zones is stable from 1800 ta
1900, but decreases drastlcally wlthin 2 ta 3 years alter the harvest ln 1900 (Figure 3.5).

Untll present clay, a net inaease ln forest ftoar pH ln bath zones Is slmulated sfnœ

harvest and a sharp Inaease far about live years occurs after fire dlsturbanœ ln 1925 in

zone 3. Simulated minerai soil pH is not stable throughout the simulation period ln

either zones: a graduai decreIse ri about 1.0 unit ri pH occurs from 1800 ta present

(Figure 3.6). The simulated harvest contrlbutes tD a decreased minerai sail pH for about

10 years, whereas ftre has no etfect on pH.

Simulated base saturation ln the forest ftoar is stable untll 1900 in bath zones,

but decreases bv more than 0.40 after the harvest (Figure 3.5). Simulatl!d base

saturation in the farest fIoor inaeases gradually untll present clay tD reach 0.76 in the

unbumed zone and 0.80 in the burned zone. A œmporary inasse in base saturation in

the forest ftoor oa:urs in the bumed zone lftI!r tire dlsturblnœ. In cantrast, slmullted
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base saturation ln the minerai soli decreases tram 1800 ta present day by 0.40 ln the

unbumed zone and 0.37 ln the bumed zone (Rgure 3.6). Small Increases in simulated

. base saturation occur after hlM!5t ln bath zones, but the most noticeable effed: of

slmulated forest dlsturbanœ on base saturation Is the Inaease after tire in zone 3.

Simulated pre-lndustrial soli solution ANC ln the forest ftoar 15 149 JllT'oie L-1 ln

bath zones, whereas pre-industrial soil solution ANC in the minerai soil ÎS 147 JIII'OIc L-1

in the unburned zone and 43~ L-1 in the bumed zone (Figure 3.5). Declines in soil

solution ANC 15 simulated ln bath zones and depths after the harvest, although the

decllne ln soli solution ANC ln the minerai soli Is much kMer than ln the forest fIoor

(Figures 3.5 and 3.6). A net inaease in simulated soli solution ANC occurs untll present

day ln the forest ftoor, whereas a net decrease in ANC Is slmulated ln the minerai soli. A

sharp Inaease ln soil solution ANC ln the forest ftoor can be observed in zone 3 alter tire
dlsturbanœ.

3.5 DIscu••lon

3.5.1 Ha/1/flStandRre SimulatlDn

The forest tire in zone 3 WIS simulated as if it reIeased base cations ta the soil

solutions as asti cIeposited on the sail is salubllized during raln events (Grief, 1975;

Kutiei and Shavlv, 1992), whereas 30% ri N in tree components was assumecl ta be Iost

through voIatillzation (as estimated bv Knlght, 1966). Simulated inaeases in base

cation mnœntratlons after tire dlsturbanœ aeated a new equlllbrtum betYIeen the

solution and the Ilquld phase where more adc:Ilty was dlsplaœd from the SOiI complex in

exchange wtth base cations (Hendershot et al., 1991). As a result, slmulated soli

solution ANC, pH, and base saturation inaeaed ln the forest ftoor. The net positive

effect ri flre an simulated soli fertliity ln the minerai horizons was not as large as

obserwd in the forest ftoar. The simulated harvest in 1900, ho\vever, acicIfted the soIls

of bath zones due ta the more Intense release cl NOi in the soil system relative ta base

cations. A simll.. effect has been obserwd after whoIe-tree clear-cutting in New

Hampshire and ln the boreIl forest after flre (Dalhgren and DrIscDII, 1994; Bailev et al.,

1992). Mast cl the slmulatld ackIlfIcatIan oexurred ln the forest ftaar rather thIn the

minerai soli as minerai weathering provIded 1 strong buffet agalnst the input ri ac:kIty
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brought about by nltrlftcatlon after the harwst. This would expIain the large decrease ln

slmulateel soil solution ANC ln the forest tIoor but not ln the minerai soli. Part of the

decrease in soil solution ANC after harvest can also be attributed to the deaeased input

of base cations from canopv exchange and dry cJeposltlon because ri the lack of a

canopv ta ftlter dry partlculates fram the air (Lovett et al., 1996).

3.5.2 Fol_ Regrowth

Slmulated post-flre soli pH, base saturation, and soli solution ANC ln the forest

fIoor suggest that fastI!r growing trees ln the bumed zone (aspen and birch) do not

acidify the soil at a greater rate than maple trees in the unbumed zone. Greater uptake

of base cations in the forest fIoor tA the bumed zone may have been overshaclowed by a

higher base cation flux (e.g., higher quality litterfall). On the other hand, post-fire

simulated soil pH, base saturation, and soil solution ANC in the minerai soil are Iower in

the burned zone than ta the unburned zone throughaut the simulation period, but rates

of deaease of these sail parameters through time are similar. Simllarty, the model

output for the minerai soil suggests that forest regrowth in the bumed zone has not

contributed tD fastI!r acid1tIcation through greater base cation sequestration in the tree

components in exchange far H+ (15 propcsed by Binkley and Richter (1987), Federer et
al. (1989), and Knoepp and Swank (1994». Arst, Iower simulated rates of minerai

weatherlng in the bumed zone (figure 3.7) due ta Iower bulk denslty, minerai surface

area, and soli rnoisture content specIfIed in SAFE is Iilœly ID expIain the dlfferenœs in

soli solution ANC and pH between the zones in the minerai soli throughout the

simulation perIod. It 15 therefore expected that the SAFE modeI calallates Iower Initiai

pH ln the minerai soil fi the burned zone as compared tD the unbumed zone under

steady-state.

As a camparison, slmulatl!d release cA base cations from weatherlng in the

unbumed zone i5 about 9% more than what was estImated by Courchesne

(unpublished) using the mass balance apprœch. Estimated reIease ri base cations by

v1leltherlng using the same approach at the Hubbard Brook ExperImentai Forest (HBEF)

(UIœns ancl Bormann, 1995) is about 3-5% more than the slmulatBd release d bise

catians usIng SAFE. The comparison fi .•W!Ithe(.1g rates bet\wen HBEF and the
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Hermine watershed Is approprlate because of the slmllarttles ln dlmate, spedes

composition, and parent materlal.

3.5.3 Pre-illdustrialSdI CDndItlDns

Pre-inclustrial simulated base saturation in the forest ftoor is higher in the

unbumed zone relative to the bumed zone, despite the tact that simulated Qlrrent base

saturation in the bumed zone is higher than that ln the unburned zone. Also, simulatecl

pre-industrial pH ln the forest fIoor of the burned zone Is Iower than that ln the

unburned zone. But because pre-lndustrlal simulated soli solution ANC in the forest is

identlcal in the two zones untll tire dlsturbanœ, we believe that the disaepancy ln pre­

industrlal simulated base saturation as weil as pH can be expIalned ln two ways.

A first possible expIanation for the dlscrepancy ln calQllated pre-indutrial steady­

state concIltions ben-..n the zone is the poorty simulated N concentrations ln the forest

ftoor of the bumed zone. Nitrification produces two moles of H+ for one mole of NH..+

nitrified. For fNery mole fi NOi and Ntt.+ absarbed bv vegetation, one mole of OH- and

H+ is released bv roots intD the soil solution. In that respect, assuming total nibificatlon

in the soli would not produœ more acidity if ail N03- was absorbed bv vegetation in the

forest ftoor. This is obviously not the case in the Hermine watershed where NH.t+

concentrations are as high as NOJ- concentrations in the soil solutions. As pointed out

bv Warfvlnge et al., (1998), the slgniftcant overestfmatlon of nltrlftcatlon and NO]­

concentrations ln the forest tIoor rA a spruce stand of sauthem Bavarta, Germany,

aeates Iower sail solution ANC and pH. this also seems tD be true ln the forest ftoor ln

the Hermine watershed.

The cause of measured Iower N concentrations ln the sail solutions fi the bumed

zone has yet ta be dartfted but one hypothesis was brought farward in Chapter 1.

Tletema (1998) demorI5bated that under N-limiting conditions, fungal biamass

constItutes the largest fraction cl the total miaobial community, whereas at N

saturation, the miaobial bkmass is dominated tri blcteria. Furthermore, Aber et al.

(1998) hypatheslzed that in conditions of N limitation, myœrrhizae can immobilize large

amounts cA minerai N thlt Iead tD Inhibition of soli nltrlfk::atlan. In COIItrast, tl!mperate

forest salis that h8\le nat been dlsturbed tri fire wlthln the past œntury ancl haw
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accumulated N tram atmospherlc pollution would show more Intense nlb1ficatlon and

N~- leachlng because d a greater baderlal ac:tIvtty. In Chapter 1, we propased that

the relative abundanœ d mycorrhlzae ln the bumed stand could have been favaurecl bv
the phase-out fi the bacterial communlty foIloYIing a slgnlficant extraction of N tram the

soil system either bv voIatillzation or leaching during or after disturbanœ. Based on the

results, It was hypothesized that myc:orrhlzae played an important raie ln the

immobillzation fi N ln the salis Œ the burned stand. If fungel biomass constitutes a

larger ti'actIon « the total mlaobial œmmunity in the burned stand, then Il is possible

that the activIty cl these miaoorganlsms results in a efficient N immobilizatlon and in

tum, ln Iower Nconœntratla1s in the solutions of the forest ftoor (Chapter 1).

We thought that perhaps the benefldal etfects of mycorrhlzae on plant nutrient

uptake (Rygiewlcz et al., 1984) could expIain the greater uptake of N ln the forest fIoor

and ln tum, soli solution NO,- concentrations and pH ln the forest fIoor ln the bumed

zone. In orcier tD callbrate soil solution N concentrations in the forest fIoor of the

bumed zone more accurately, it would have been neœssary tD allocate more N uptake

in the forest fIoor: 95% of N uptake in the forest fIoor and 5% in the minerai soil creates

about 18 l.lmofc N L-t in the forest ftoar, whereas N concentrations in the minerai soli

remaln the same. Simulated pH in the forest tIoar becomes tao high (I.e., 4.50) and pH

in the minerai sail remains unchanged. In the light of these results, the net
immobillzatlon/exudatIon of minerai N bv mycorrhlzae can not be sucœssfully

reproduœd wIth a simple NOi uptake • OH· release modeI. AllO, allocating more N

uptake ln the forest tIoor of the burned zone does not allow the comparlsan between

slmulated Initiai soli conditions ln the two zones as a step tDwards modeI validation. In

that respect, we belleve there Is a need for the distribution Œ nutrlent uptake tD be

specIfIed ln the SAFE modet as a Ume series input parameter. It should also be noted

that Iower soli solution ANC and pH ln the minerai soil of the bumed zone throughaut

the simulation is not caused l7t the addlc inftow from the forest fIoor but rather lower

minerai weathering as suggested abave because no change ln pH MS observed after

allocatlng 9SCMt cl N uptake in the forest ftoor and SCMt in the minerai soli.

A second expIanation for the discrepa"Cf ln pre-industrlal simulated bise

saturation and pH may be site hlstDry. It must be undei!dDod that SAFE Is callbratlJd

97



•

•

•

.
on base saturation alane, and If il cannot obtain a goad fit with current (measured) base

saturation using the specified input, it modifies pre-industrial steady-state base

, saturation rather than madIfy the rates ri change in base saturation (Walse et al.,

1998). This perhaps indicates that our assumptlon that factors drtvlng soil formation

between the zones were simllar prIor tD Industrtallzation Is incorrect. Past stands ln the

Hermine watershed may not always have been domlnated by maple trees. Indeed,

current aspen and birch stands (bumed) were once maple domlnated stands, and ln

tum, current maple stands (unbumed) may have been dominated in the past bV aspen

ancl blrch also. If thls regeneratIon pattem WB shawn tD be correct at the Hermine

watershed, then our approach tD validite the SAFE modeI with pre-industrtal conditions

under vartous site hlstDry would be unacœptable.

3.5.4 Quses ofSoliAt:ltlll/Qt/tJn

The SAFE modeI has reproduced accurately sail solution 5042- concentrations ln

both the forest ftoor and minerai soil of the two zones. In that respect, the assumption

that soi- is a non-reactive element is a good and simple model tD use in the Hermine

watershed, despite the flet that the turnover of 5 compounds were observed tD play a

signlftcant raie ln the H+ budget in other forest ecosystems (van Breemen et al., 1983).

Because of the Imprecision ln simulated pH and NOi concentrations in the soli solution

of the forest ftoor in the bumed zone, however, only patterns of acidlftcatlon in the

unbumed zone were used tD identify the Important sources of ack:Ilty in the Hermine

watershed. Acidification ln the minerai sail began in 1900 and acœlerated during the

peak of Industriallzatlon in the 19305. Evidence from tree ring chemistry supports the

hypothesis that base cation depIetIon and acktltlcatlon ln the forest salis of eastem

North America occurred during approximately the same tlme period (Bondetti et al.,

1990; Momomlsha and Bondlettl, 1990). External inputs of strong acids from

atmospheric deposition simulated an inaeased in H+ and A)3+ aetivIty in the minerai soil

whlch in barn, inaeased cation exchange reactlœs and base cation concentrations in the

soli solutions.

ShartIe and Bondlettl (1992) faund tram hlstaicll base saturation data of mor

layers ln v.-Ious eastem North Amerlcan forests that acIdIfIaItIan acxurred malnly
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between 1940 and 1970. Further, Johnson et al. (1994) observed signitlcant

acidification and ca2+ lasses in organlc horizons of 48 mlxed spruœ-hardwood sites ln

the Adlrondack reglon of New York during the tlme perIod 1930-1984. This perIod of

slgnlficant soil acidification corresponds exactIy ta the tlme perIod when poIluted

atmosphertc deposltlan conb1buted the most acldlty ta the forest~ whlch is

refteded ln the SAFE modeI by the standard aiNeS cIeveIoped ln Chapter 2: SOx
emissions Inaeased by about 3-foId betlueen 1930 and 1980, whereas NO. and NH.

more than doubled. Simulated forest ftoor acidlty using SAFE did nat exhlbit a large

decrease in pH as seen in the minerai sail. This suggest that the acidlty and exchange

complex rA the forest fIoor is mainly determined by organle adds which aeate a

naturally Iow pH, as weil as the large flux of base cations ln the soil thraugh cydlng

proœsses such as dry deposltlan, throughtall, and Iltterfall (Warfvlnge et al., 1998)

DespIte the tact: that 5 Ioadlng tram the atmosphere has deaeased slnœ the

1980'5, the minerai soli dld not show any obvIous sign of recovery: slmulated soli

solution ANC and pH in the minerai 5011 have stabillzed in the reœnt years but base

saturation continued ta dedine. In flet, the rates at which the base saturation

decreased in the minerai soli in bath zones did not show any slgnlftcant changes as a

result ri so.2. reductlons aver the last two cIecades in eastern North America. Similarty,

Driscoll et al. (1989) have not observed any signiftcant inaease in streamwater pH slnœ

the decrease ln 5 depositlon. A decrease in base cation depositian over the Iast two

cIecades was observed by Hedin et al. (1994) in eastem North America, suggesting that

the decrease in deposit:ion ANC WIS not: as large as hoped slnce the reduction in 5

emissions. Moreover, it seems that slmulated weatherlng of soli minerais in this

carbonate-free slllceous bedrock ln bath zones was not large enough ta replenlsh the

base cations removed tram the sail bv leaching and sequestration in the tree

companents.

3.5.5 Futu1e Nutrlt!!ntAVil18b11ty

Lawrence et al. (1995) ancl Miller et al. (1993) antldpate a decrease ln base

saturation and soli solution pH Inti) the 21- œntury as base cation Inputs from the

atmosphere (because of more etrIcIent: Industrlll dust coIledDrs) will decrease eNen
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more, white acldlfying compounds (I.e., N specles) will continue ta Inaease. Our

concem Is that acidification may already have brought the cation exchange pool ln the

. minerai soli tD a Iow point 50 that It may take centuries for the system tD recoYer. In

that sense, Sverdrup et al. (1995) suggest that sorne Œ the damage already caused by

acid deposltion Is Irreversible, whlle Ukens et al. (1996) ask that reductlon plans be

implemented before damage is even greater, otherwise they will fail.

Assuming no forest dlsturblnœ beyond the year 2100, projeded soli chemlstry

in the minerai soli suggests that the balance belween ackIlty and alkallnlty in the new
century Is IeadIng tDwards a new steady-state as no major change is simulated (Figure

3.8). In Figure 3.8, two other simulationS/projections are shawn assumlng a stem-wood

harvest in 2020 and uneven aged management where one thlrd of the forest bIomass is

exported f!NefY 30 years startlng in 2020 as weil and regenerated naturally as sugar

maple. These proJedIons suggest that further soli acidification is ta be expeded if the

Hermine watershed forest Is hanested in the 21- œntury. Addifleatlon is partlcularly

obvious based on dedlnes ln base saturation far bath harvest scenarios, but are most

significant for the stem-wood harvest scenario (Figure 3.8). The projections for

dlsturbed conc:IltIons ln the 21- œntury suggest that the antidpated equlllbrlum depends

largely on the assumptlon of steady..state c:ydlng Œ nutrlents with a low uptake of

nutrlents by trees as the stand matures. Indeed, even Iow-Intenslty harvest practices

such as uneven aged management Is jeopIrdlzing thls equillbrium.

At present, Iow ca œnœntratlons measured in the Ieaws of supr maples in the

Hermine watershed (FyIes et al., 1994) CDUpied with a simulated Iow base saturation in

the minerai sail ln bath zones aeate uncertainty regardlng the future avallability ri

cation nutrlents ln sugar maple stands fi sauthem Quebec where timber opeatlans are

planned for the 21- œntury. SUstained Iow bise cation avallabillty for plant growth

could adverseIy affect fol est health and vigour, partlcularty forests ln the ftrst or middle

stages tA stand deveIopment because fi greater cation nutrlent demands. In addition,

base defIcient mature trees are more wlnerable 10 biatic agents such as insects and

root rat fungi, and more sensltM! 10 abiatic agents such as œId and drought (C6b! and

Culmet, 1996). Fortunately, simulated soli chemlstry assumlng forest dlsturblnœ or nat
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suggest that soil pH will unllkely reach values Iow enough tD render high Alleveis in the

sail solution that could be toxIc tD most tree species (see Chapter 4).

3.1 ConcI......

A few hlstDrlcal soli chemlstry stucIes support the hypothesls that acId-sensitive

forest sites cA northeastem United States under"wvent a slgniftcant change that resulted in

the 1055 cl exchangeable essentIal base cations due ta addic inputs from the

atmosphere. Simulated soil chemlstry using the SAFE modeI however reinforces the

condusions cl thls work ind1catlng that the largest changes in soli chemistry occurred

between the time period 1930-1980 and were assodated with the depositian of strong

acids tram the atm05phere. Madel projedIans in the minerai soli suggest that a new
steady-state should be reached in the 21- century.

At the present stage cA modeI dew!Iopment, however, SAFE may not provide

output data accurate enough ID giw sIte-specifIc forec:asts on nutrient availabllity.

Sorne processes in the forest ecosystems would have tD be darlfted or assessed more

accurately, e.g., dry deposItion, bioIogical N fixation, and N immobilization by

myccorhizal fungl. Errors assodated wIth determinlng Iœv physlcal and mineralogical

propertIes may also Iead ID Inaccurrate slmulated weathering rates. ModeIling the long­

tenn effeds fi ackIlc deposItIon and tlmber operations on sails 15, nevertheIess,

important. The appllcatlan cA the SAFE modeI ta dlfferent ecosystem types ln eastem
North AmerIca will help determlne whlch sites and forest types are most threatened bv
base cation depIetion. The modeIllng exerdse also allows foresters tD spedfy

management strategies that wililead ID sustainable produdIvity. Govemments may also

be able ta use thls apprœch ID determlne fair-barn ackIfyIng compounds are being

regulated al appropriate leveIs ID PI !serte the forest resourœ.
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'able 3.1. MeBn 1011 denalty and texture m"lUred ln the diagnostic •
h..-........_ of the th......et the Hennlne ..........

zone Soli properties - Diagnostic B horizon -
n Bhf Bf

no.1 Texture 3 12 *1.0; 24 *3.0; 64 :1:2.1 6 *2.0; 26 *3.5; 68 *4.9

DensIty 3 1050 :1:21 1310 *28
110.2 Texture 3 14 :1:2.0; 40 *4.5; 46 :1:4.9 11 :1:1.0; 32 :t2.1; 57:1:5.3

DensItV 3 910 :t35 1150 :1:46

no.3 Texture 3 14 *2.1; 34 *2.1; 52 :1:3.0 13 :tl.5; 34 :1:2.1; 53:i:2.5

DensItY 3 880 :i:25 1060 :1:42

Soli texture (clay, sUt, sand) Is expressed ln percentage and soli densItv
Is ln kg m-3• Values on the rlght express standard devlations.
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'eble 3.2. Soli cMRlIaII, phplall end hydrologlall propertlel ..... for the SAFE

"mu..tIon ln zone 2 (unburned) end zone 3 (burned) ln Ille HeIRllne .........

•

Pararneter Unit Unburned zone

FH-Ah Bhf-Bf

Burned zone

FH-Ah Rhf-Bf

119

Depth/thlekness an
Base saturation %
cation exchange capaclly kmoIc kg·l

Moisture content m] m·]

Soli bulk densIty kg m-3

SUrface area m2 m-]
~p~re xambHmt
Inflow tM. of
0Ut.fI0w precipitation

Dissolved organlc carbon mg L·t

Glbbslte equllibrlum constant kmoI2 m-6

ca + Mg + K uptake % of max.
N uptake _ uptake

10-0 D-6O
76 37

2.69E-G4 3.00E-05

0.50 0.30

o 990

o 1.70E+06
5 20

100 80
80 50

26.3 2.2
5.5 8.5
30 70
60 40

10-0 Q-6O

80 41
3.26E-04 3.8OE-oS

0.50 0.25

o 940

o 1.30E+06
5 20

100 80
80 50

34.0 2.4

5.5 8.5

30 70

60 40
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T.bIe 3.3. 5011 ml 1og1al1 propertIes ..... for the
SAFI simulation ln 2 (unburlllld) end zone 3
(bumed) ln the He. illl_ W8ten11ed.

•

•

Parameter

Quartz
K-feldspars
Plagioclase
Albite
Homblende
Pyroxene
Epidote
Gamet
Biotite
Muscovite
Vermiculite
Chlonte
Apatite
Gibbsite
Kaolinite

Unit

%of
total

minerai
matrix

Bumed and unbumed zones
Bhf-Bf horizons

45.4
o
15
o
4
o
o
1

1.5
10
4
19
0.1
o
o
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T.bIe 3.4. MelIn .11 ..... mlllOIutIon chemlstry ......u... In the fonIst fIoor ..... nll....1
1011 of 2 (unburned) .nc1 zone 3 (burned) ln the Henni............. between 1114.nd 1997
.net n ..mu..... chemlstry between Ille Ame yu,. ....111 SAPE.

MellUred Slnlu..... MUIU'" Slmu.....
SoII ............r SoIIL8Y!r Unburned zone Burnedzone

pH (soI'n) Forest FIoor 4.28 4.13 4.21 4.12
Minerai Soli 4.98 5.05 5.02 4.70

Base saturation Forest FIoor 0.76 0.76 0.80 0.80
Minerai Soli 0.38 0.38 0.41 0.41

ca, Mg, K(soI'n) Forest FIoor 213 228 214 245
Minerai Soli 110 124 100 108

~ and NH4 (soI'n) Forest FIoor 100 108 14 96
Minerai Soli 7.78 7.22 2.52 2.34

50.. (soI'n) Forest FIoor 76 79 89 81
Minerai Soli 116 127 115 125

Base cations, 50.., and Nconcentrations are ln ~moIc ....1. Base saturation Is ln % and soI'n refers ta solution
chemlstry.
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CONNECIING PARAGRAPH

Aluminum is very soluble in acidlc environments such as forest salis. Sorne suggestl!d

that~ Iow pH, AI may be rendered IntD the sail solution al concentrations Iow enough tD cause

sertous toxk: responses tD most tree specIes. The next chaptel" provIdes a review of the

sdentlftc Ilterature on the chemlstry of AI ln forest soIls and the tDxldty of AI tD trees. It Is from

the data gathered in thls chapter and projections cl pH by SAFE that the potentlal (i.e., intD the

21- century) phytotoxlc responses was assessed at the Hermine watershed in Chaptel' 3.
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a.....4

Chemlstry .ad Toxldty of Alumlnu. In the For_~...

(Extended LItIer8tu........)
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4.1 Intradudlan

Forest decllne ha been observed ln sorne parts of central Europe and eastem

, North America. The decline has been atbibuted tD several environmental stresses (e.g.,

gaseous poIlutant Injury, cation nutrient deflclendes, growth altering organlc chemlcals,

ete.) (Hlnrichsen, 1986; Hendershot and Jones, 1989). Forest soils are typlcally addlc

and relatlvely infertile and thus, inaeesed atmospheric Ioading of add substances could

contribute tD farest decllne by 1) lnaeasing cation nutrient leaching, 2) decreaslng soli

pH ancl rates of organic matter decornposltlon, and 3) inaeasing the soIubility ancl

mobllity of tDxlc spedes rA metals, indudlng AI (Kelly et al., 1990). In a solution OIlture

study, Hoyle (1971) recognlsed that 1 di5SOlved AI concentration of 3 mM resulted ln

deaeased growth of roots and leaves of yellow birch (Table 4.1), but conduded that

farest spedes are considered tD be AI toIerant enough tg withstand adverse effeds ln

terrestrial ecosystems (refer tD section 1.5 for field values). On the other hand, Ulrich

et al. (1980) propased that high leveIs of AI in the soil rootIng zone WIS a possible

cause of farest decline ln West Germany. Hottermann (1985) and Matzner and Ulrich

(1985) showed evldenœ that atmospherIe add deposltlon, partlcularty H2S04, had

caused cation nutrient depIetion and mobilisation of AI lnta the sail solution. Fine roots

had been kliled and the symptams were comparable tD those of roots kliled bv AI in

solution OIlture experIments.

There are two praœsses by whlch expasure of Ionie AI leads tu adverse effeds

tD plant: 1) irreversible damage to plant œlls from AI interactions with sensitive

biomoIecules Ind 2) antagonlstlc Interference with divalent cation uptake. Roots

strongly adsorb AI by an exchange phenomenon or by formation of insoluble organic-AI

complexes involvlng mudlage produœd It the root tips (Horst et al., 1990). High

concentrations of AI dissoNed in soli solutions rnay inhibit root growth dlrectlv, either by

inhibition of œil division or œil eIongItIon, or a combination of bath (Marschner, 1991).

The direct inhlbiUon of œil division requires high concentrations of tDxIc monomeric AI

spedes ID Interaet wIth DNA ancl RNA (Tepper et al., 1989). At Iower concentrations,

inhibition of œil eIongetion is most likelv to occur. The adverse effeds rA AI in the

cytDpIasm and partlcularty on plasma membrane ancl structure are greater than the
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effects of AI on the apaplast, as for example, the replacement of cal + tram the middle

lamella in expanding tissue (Taylor, 1988; Wagatsuma and Akibl, 1989). The

replacement fi cal + by AI front the external surface tA the plasma membrane rnay

enhance cal + Influx IntD the cytDsoI and subsequently Induce callose formation ln the

apoplast (Wissemeler et al., 1987).

The alm of thiS chapter is ta provIde a revlew cA the sdentIftc literature on the

toxidty of AI ta trees 50 that a1tk:a1 taxidty values are identlfied far bath conlferous and

dedduous tree specles. This revIew 15 dlvlded Inta bNo sections: 1) AI chernlstry,

spedatlon and bioavailabillty in the forest environment, and 2) AI tDxicity ta trees.
ExperIments wIth solution culture are a useful approach in trying ta exdude factors that

muid not be controlled in the field. HovIever, the plant response ta AI in solution must

be interpreted carefully due ta the lack of agreement wlth the response found in

forested ecosystems. This dlscrepancy Implles that even though the main variable (AI)

rnay have been slmllar, other variables that influence plant response make compensons

between field and laboratDry studles very difficult. It i5 generally acœpted that AI

bioavallabliity (ancl hence toxidty or biœccumulatlon) 15 a functlon of AI spedatlon in

the soli solution. However the majortty cA the publlshed research on bioaccumulation

and tDxIdty only contaln Information on the amounts of total dlssoM!d AI. This 15

œrtalnly a weakness in this report, but the data do provIde a sound basl5 for the

establishment of the Iowest adverse e«eds concentration (LOAEC) values of total

dlssaM!d AI.

4.2 Alumlnam ChenlIItry, SpecatIon .nd BloInlleblllty ln ,...ta
4.2.1 /Mtu,.., Sources ofA1umlnum .ndATJc:esses ofReJease

Atmospheric depositIon of AI is attributed mostIy ID depositIon of dust partldes

and i5 generally IOVI (DriSCDII et al., 19M). A1uminum iS the third mcst abundant

element ln the earth's aust and makes up approximately 8% flits rocks and minerais

(SkInner and Porter, 1989). Most rocks and minerais contalned ln the soli are in an

envlronment that differs signlflcantly from that where they formed. Inputs tA AI intD the

soli solutions occur tri mobilisation ri AI derIved tram the chemical weItherIng ri soli
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minerais. The most Important reactIon in the chemlcal weatherlng of the common

silicate minerais 15 hydrolysls. The hydrolysls of albite (feldspar) 15 one example of the

. themlcal transformation of an AI-bearlng primary minerai IntD day sile minerais. In this

case, the newIy formed solld phase 15 kaoIlnlte (1:1 day minerai):

4NaAlSiA +4H~ + 18HzO ++ 4Na+ + 8KS04 + ALtSL.Ota(OH)e + 4HCO,- (eq. 4.1)

(albite) (aq) (1) (aq) (aq) (kaoIlnlte) (aq)

Aluminum is not very soluble over the normal soil pH range and thus, it generally

remalns near Its site of reIease tg form day minerais or preclpltate as amorphous or
crystalline oxIdes, hydroxides or hydrous oxides. cations (such as ca, Mg, Kor Na) can

remaln ln the soli solution, take part in the formation of the crystal lattlce of day

minerais, adsorb tD the surface« the soil's exchange sites, be absorbed by vegetation,

or leach out of the soli system. Sllica is much more soluble than AI at normal soil pH

and 15 always ln exœss of the amount used tD form most day minerais, so that some is

removed frorn the soli system ln leachates (Blrketand, 1984).

Aithough the dissolution and precipitation reactIons of AI-beisring minerais are

often good indlcatDrs of the soIubility of AI in sails, they are by no means the only

pedogenlc pocesses controlling the concentrations of AI in son solutions. Many other
praaesles may partly control the bioavallabllity of AI ta plant and soil organisms.

Aluminum may be 1) adsorbed on cation exchange sites, 2) incorpoeated intD soil

organic matter, 3) absorbed by vegetation, or 4) leached out of the soil system (Rltchie,

1995).

In eastem canada, the atmospheric deposition of strong acids, suth as HNeJ, and

HZS04, has acceIerated the soil's naturel acidification due tD praœsses such as

nitrlftcation and plant uptake of cations. Add sensitive soils are generally undertaln by

siliœous bedrock (e.g., granite, granltic gneiss, quartzite) that are reststant tD chemical

weatherlng. AreIs wtth ackI sensitive soils usually ha. shallow aCidic soils wlth small

pools of avallable base cations (Reuss et al., 1987). cations in the soli solution exJst ln

equlllbrlum wtth the cations that are adsorbed on the surfaces of soli CDlIoIds. In

ecasystems where the soli solution is lnaeasing ln ackIity due tD inputs of sbang acids,

the equlllbrlum Is perturbed. The increesed H+ ac:tIvIty (Iower pH) ln the soli solution
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aeates a new equllibrtum where more AJ3+ iS dissolved intD the soli solution and cation

nutrlents (ca2+, Mg2+, ancl ~) are replaœd on the soli exchange complex by A)3+ ancl

the base cations are eventually leached out« the soli (Hendershot et al., 1991). The

net etrect of this proœss is tD buffer H+ enterlng the soli solution. In the long term, thls

proœss may weil bring the base cation pool ID a point where cation nutrlent availabllity

muid be Iow enough ID seriousIy jeopi!Irdlse the health and vigour ri foresII!d

ecosystems.

There may be slgnlftcant variation in AJ3+ soIubillty with depth in a soil profile

(Hendershot et al., 1995). In the surface horizons AJ is being dissolved tri the influx of

solutions containing Iow concentrations of AI, Iow pH and abunc:lant dlssolved organic

matter capable of complexing AI. As a result the dissolution cl AI may be the rate­

Ilmlting step in obtalning equllibrium between the solld and liquid phases and the soil

solutions tend ID be undersaturated wtth respect tA AJ bearing minerais. In contrast, AI

tends ID predpitate in the Iower B and C horizons thlt have considerably hlgher pH ancl

lower dissoNed organic matter contents and theIefore can be expected ID be near ID

equllibrium with sorne AJ soIids. AIthough the equilibrium concentration is dose tD that

which would be expec:ted if gibbsite were cantrolling equillbrtum, glbbsite has generally

not been found in canadlan soIls. ether forms of AI, for example, hyctroxy Interlayered

vermiculite, may control AI soIubility at values dose ID those d gibbsite. Amorphous AI

complexed wIth organic matœr may also have a similar pH-salubility curve that is a

functlon ri the pH-dependant variation in the number ri bincllng sites.

4.2.2 AJuminum SpedatitJn

The ftuarkle and hydroxlcle complexes are the two strongest groups of inorganlc

ion associations with AI in soli solutions (Nordstrom and May, 1995). Aluminum-QH

complexes var{ wIth pH. In very acIdIc salis, AI ln the soli solution 15 malnly present as

free Al3+. As pH lnaeases, free Al3+ hydrolyses ID fonn complexes wIth OH- ions (e.g.,

AIQW+, AI{OH)2+' AI(OH)3'). NeIIr pH 6.5, AI soIublllty Il at a minimum, but lnaeases at
neutral ID alkallne conditions because fi the formation cl AI(OH}.- (DriscDlI and Postek,

1995) (Figure 4.1). Fluorine is the most electronegatlve and one cA the mast reactIve
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elements. According tD Unclsay et: al. (1989), it is reIeased through the disSolution of F

bearing minerais suth as ftuorapatite (and perhaps amphiboles and micas) ln whlch the

. ftuoride ion (F) replaced OH- in the aystal laUlœ (F has the same charge and nearly

the same ionle radius as the hydroxlde ion (OH-) and thus, can readily substltute for OH­

in metallie complexes). The concentration of F in soil solution determines the

stDIchlomebV ~ AI-F complexes. In acidle 50115 (pH values beIow 5.5), the F

concentration is generally Iess than that of Al3+. As a result, low ligand number

complexes, such as Alp·, are normally formed. In neutral tu alkaline conditions, It 15

more dlfflcult for F ID compet!! wIth OH- for AI in the soil solution because of the

increased leveI of OH-. Consequently, AI-oH complexes Pledomlnate over AI-F

complexes in alkaline conditions (Figure 4.1). Nevertheless, the displaœment of OH- for

F at high F concentrations (suth as when ftuorapatite is present ln relatively high

amounts) can result in higher-ligand-number complexes (e.g., AlF,3-). Aluminum-oH-F

complexes have been reported in the Ilterature (Couturier, 1986). However, these

complexes are thought ID be intermediate phases during the formation of AI-F inner­

sphere complexes and therefore rather short-lived.

The comptexation of AI wtth sulphate (SOil is weaker than with F. However, in

acidic soUs where the soi- concentration is high, it may form AI-50. complexes by

campeting with AI-oH complexes in the same fashion as F (Driscoll and Postek, 1995).

At Iow soi- concentrations, AlSO.· 15 the dominant aqueous form, whereas A1(S04)i 15

predominant in soil solutions with higher soi- concentrations. Generally, 50.2­

concentrations are higher than those ri F. NevertheIess, AI-50. complexes become

significant only at Iow pH values (Figure 4.1).

Aluminum may form stabte complexes wIth varlous functlanal groups in organie

matter. Vance et: al. (1995) divided these intD two categories: -1) well-defined

biachemlcal mmpounds synthesised bv micro-organisms and plants, such as simple

low-moIecular-mass organlc ackIs, h)'droxyphenols, and 2) a series ~ ackIlc, yellow- ID

bIack-œloured substances formed bv secondary synthesIs reIdIons, whlch are

coIlectively referred ID as humic and fulvlc acids-. It is believed that organte ligands

play a dynamlc and Important raie ln the specIatIon Œ AI ln the soli solution (DavId and
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Driscoll, 1984; Drismll et al., 1985; Ares, 1986). Ho\tJeVer, the complicated and diverse

nature rA dissolved organlc matter malœs il difficult ID undei stand and modeI the

chemistry of AI in soil solutions (DriscoII and Postek, 1995).

Brown and Drisœll (1992) idenUfied and characterised several aluminoslilcate

complexes, which they showed tD be present ln various regions of the eastem U.S. and

canada. Three AI-Si complexes were desaibed, indudlng AlSlO(OH)3Z+. The authors

conduded that up tD 95% of the total inorganic AI could be present as these complexes.

NOidstrom and May (1995) dlscussed the possibllity cl AI torming complexes wlth

other inorganlc anions in the soil solutions (e.g., HeOi, a-, P04:J., or N03-), but

conduded that thev are Iess slgnificant than the complexes mentioned abave.

4.2.3 DIstrIbution ofAlumlnum Spedes ln the SDII P1rJfIIe

It has been shovm that mcst dlssolved AI ln the soli solution of the forest ftoor 15

organically bound and that these AI-organic complexes become Iess abundant with

inaeasing soil depth (NlIsson and Bergkvist, 1983; David and Driscoll, 1984; DriscoII et

al., 1985). In the Adirondacks of New York, David and DriSCDII (1984) found that 82

and 93% rA the total dissolved AI in the organlc horizons rA conifer and hardwood sites,

respectIveIy, was organically complexed. The proportion of organic ID inorganic AI

decreased at bath sites tram the organlc tD the upper minerai horizons, and from the

upper ID the Iower minerai horizons. In the sail solutions of the minerai horizons, AI­

organlc complexes represented 67 and 5Mb of the total AI ln conlfer and hardwood

sites, respectIveIy, which indlcates the Importance of Al-organlc complexes in humus­

rich forest soIls of .sœm North AmerIca.

At the Hubbard Brook Experimental FOIest (HBEf), New Hampshire, the relative

disb1but1on of inorganic forms of AI in the soil solution suggests that Al3+ is the

predominant fonn ln the very addIc high eIevation sites (pH 3.6-4.7), but that AI-F and

AI-oH complexes become dominant ln the Iess addIc Iow eIevation sites (pH 4.5-5.2)

(DriscoII et al., 1985). In bath the hardwood (pH 4.6-4.7) and contrer (pH 4.0-4.5)

sites, DIvid and DriscoII (1984) faund that AI-F complexes were the major forms of

inorganlc AI, ranging tram 58 tD 92CMt of tatal inorganic AI. Higher proportions of AI-f
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complexes were found in the soli solution cl the organic horizons than in the minerai

horizons. Free AI3+ concentrations were exbemely Iow (6%) in organic horizons where

, AI was mostIy bound with fluoride or organic carbon. In bath studies, AI-soi­

complexes were generally a small perœntage tA total inorganic AI.

4.2.4 ConœntratiDns ofAJuminum in the SoliSolution

ln canada, one would expect tD find the highest concentrations of dissolved AI in

the minerai soil horizons cl podzols of Ontario, Quebec and the Maritimes that have a

base saturation of less than 10-15% tA effedlve cation exchange capacity at field pH.

Soli pH in water is typcally 4.5 or Iess and soil solution sulphate is generally 50 .,.M or

greater. For example, Bélanger et al., (1997) measured peak AI concentrations of 0.012

mMwith a pH of 4.7 in forest soils cl central New Brunswick. Hendershot et al. (1995)

measured a mean AI concentration of 0.024 mM ln the soli solution of podzoIlc B

horizons at the Hermine watershed, in the Lower Laurentians of Quebec, whereas the

same authars found a mean leveI of 0.014 mM AI ln the soil solutions of podzollc B

horizons at Turkey Lakes, central Ontario (pH values were approximately 4.0 at the

Hermine watershed and 4.5 at Turkey Lakes). DrlscoIl et al. (1985) found mean AI

solute concentrations cl 0.032 mMln a podzoIlc B soil horizon cl pH 4.63 at the HBEF.

Similirly, DavId and DrIscDII (1984) found 0.041 mM AI ln the solution of a podzoIlc B

soi1horizon of the Adlrondacks at pH 4.2. Peak concentrations ri 0.102 mM (pH 4.7)

and 0.140 mH (pH 3.6) ri dlssolved AI ln soli waters of surface minerai horizons have

been reported at the HuntingtDn forest (Cronan et al., 1989) and Whitefaœ mountain,

New York (HuntingtDn et al., 1990), respediveIy. This gives an indication of the highest

Ievels of AI that could be encountered by tree roots ln canadlan soIls.

4.2.5 8Iœ~/.blllty ofA1umlnum _ Re811!t/ ID Ils Spec:/611tJn

The tDxIcity of AI depends on a number of ablatlc and bIatIc fadDrs. Given the

tact that AI is suth an abundant element in soils, It is not surprising that tDxicity is

poorIy c:orreIatI!d with the total AI ccnœntratian. There is geI_1 agreement that the

tDxIcIty of AI depellds an Ils specIation ln the soil solution, whlch ln tum depends on pH,
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concentration (or activity) cl other cations and ligands in the soil solution. The

complexation fi AI bv natural organie substances plays a key raie in the regulatlon of

high IeveIs cl tDxie AI ion species in the soil solutions as weil as in surface waters. It

has been shawn that humie-rich soIls generally have low concentrations of inorganie AI

ion spedes, which permlts better growth at otherwise tDxie concentrations of dissolved

AI (Taylor, 1988). The tDxIdty rA AI is belleved tD be relatively Iow when AI Is

complexed wIth F or 5042
- (Klnraide and Parker, 1987; Wright et al., 1989), although

AlF2+ and AIP+ were reœntly found tg be tDxIc (Klnralde, 1997). The mononuclear

spedes Al3+, AI(OH)2+, AI(OHh+(Alva et al., 1986; Noble et al., 1988) and the soluble

polymerie species Ain (Wagatsuma and Eme, 1985) were shawn tD cause severe
rhizotoxicitV in solution Qllture experiments. However, the importance of Alu in natural

soli solutions has been questloned because suspended sollds would readlly sorb

polymerie AI (Driscoii and 5checher, 1988).

4.3 Alumlnum ToxIdty

ln this revtew on LOAEC values, a number of studies were ellminated if the

plants were grown in solutions wIth Iess than O.OS mM ca concentrations in solution.

This value Is consldered tD be the minimum that can be expeded based on studles in

forest soils ln eastem canada or northeastem USA. Studles that only demonstrated a

decrease in nutrlent uptake were also not consIdered tg adverseIy affect pant health if

this was not accompanled bv a decreIse ln growth.

4.3.1 Alumlnum Toxidty Threshold Values for 181'dwrJDds

Table 4.1 contalns the lowest adverse effects concentrations for stuc:l1es showing

a statistically signlftcant deaease ln growth rA dedduous tree spedes and meeting our

requlrements on nubltkw1.

McCormick and Steiner (1978) and Steiner et al. (1980) found threshold values

for root eIongation tD be greatef than 4 m,4t, and KeItj!ns and Van Loenen (1989)

observed no seedllng mortality at leveIs as hlgh as 1.1 m"f. Howewr, the solutions

used were 50 called optimum solutions will hlgh N and P, a situatiOn rarely found ln
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forest soils. Birch spedes are conskIered tD be AI-tDlerant plants. this may be due ID

an AI tDlerance rnechanlsm ln whlch Ails depasIted ln the œil walls or vacuoles where It

, cannot damage metabolism (Memon et al., 1981). USing P stressed plants, however,

CIegg and Gobran (1995) observed that birch seedllngs were sensitive tD IeveIs of AI of

0.2 mH In this case, It seems that exposure ID AI was enough for AI ta be cIeposlted on

exchange sites rA the œil walls of roots and precipltate phosphate ions, which, in tum,
inhibited P uptake and leacI ta a decrease in the growth rate.

Thomton et al. (1989) found that ionie strength may modlfy AI response

threshold values for European beech. In Iow ionic strength medium, leaf biomass
decllned by 4OCM. In the presence of 0.5 mHof AI. A simllar response was not observed

in the full strength nutrient solution until Alleveis of 2.0 mM. But because ail nutrient

were reduced in the one-ftfth strength medium, it was not possible ID detennine which

Ion (or ions) may have Iimited growth campared tD the full strength media. Rost­

Siebert (1984) has, ho:sever, demonstrated the Importance of adequate ca nutrition for

root growth of european beech. In the absence of solution AI, his studies showecl a

66% inaease in root eIongation when ca IeveIs were inaease tram 0.1 ta 0.2 mM.

l'hus, when Thomton et al. (1989) reduœd the ca concentration ID 0.05 mMln the Iow

Ionie strength medium (compared tD 0.25 mHca in the full ionie strength solution), It

may have limited seedling growth due ID a relative Inause in the contribution of Al3+ ta

the total ionie actIvity of the Iower strength medium. Furthermore, hlgh IeveIs rA plant­

avallable ca (4.0 mM) in the solution OIlture ecperiment of McCormlck and Steiner

(1978) may expIaln the lack of AI sensItIvIty attrlbuted tD many deckluous specIes, but

also conifers.

Simllarly, Asp and Berggren (1990) showed the competitive effect rA AI on ca
uptake in shoots of european beech. It was expIained that AI)+ can compete wIth caz+

for negatNe extIacellular binding sitI!S in the celi walls and on the phosphoIiplds ancl

proteIn portions cl the plasma membrane. When Al3+ associates with membrane

phosphoIlpIds, it may change the llpid structure ancl indlrectly dlsturb the structure cl

the transport prateins. Bengtsson et Il. (1988) also round that the uptake rA ca and Mg

ln ail parts rA the plants deaeIsed bv 20fMa when thev were expased tD 0.1 mM AI.
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calcium and Mg uptake in Ieaves and roots decreased bv 50% at Alleveis of 1 mM. The

effed: rA AJ3+ on ca2+ uptake WIS immedlate and primarlly of a competitive nature,

preventlng ca2+ from being adsorbed.

Bertrand et al. (1995) faund that adverse effeds were more pronounœd in the

aerial parts (shoots and leaves) than in the roots rA sugar maple seedlings exposed ta AI

concentrations rA 2 mH ThomtDn et al. (19868) observed. stimulation of relative root
growth untll 1.0 m"" whereas Bertrand et al. (1995) observed the same untll 2 mM AI.

this is because the solution OIlture medium rA bath experIments was very adcIic (pH S

4.0). Under these addic conditions, growth is enhanced because AI Ids as a polyvalent

cation and protI!cts against H+ ion damage ID the root. However, ThorntDn et al.

(19868) observed adverse effeds on roots exposed at leveis exœeding 1.0 m""

suggesting that this solution OIlture experIment Is not dlrectly comparable with the sand

OIlture experIment produced by Bertrand et al. (1995). Horst et al. (1990) suggested

that sand QlltlJre may inaease AI tDleranœ 51nœ AI uptake may not be as high as in

solution Qllture. The release rA exudates by plants (sorne as ligands) in the rhizosphere

cl sand adtures may inaease AI tDlerance by forming non-bioavailable AI complexes.

Total leIf area decreased by more than 27CM» al AI IeveIs of 2 mM in the mkldle of the

experIment, but ended up wIth simllar leIf .reI al the end of the experiment ta those of

the untreated seedlings (Bertrand et al., 1995). This response shows that plants can

acclimate ta IeveIs of AJ prevtously consideled tDxIc. In thls case, the exposure tlme

was a keV fadDr ta this adaptation.

The sensltlvtty of honeyIocust ta AI was detennined ln a solution culture study

(ThomtDn et al., 1986b) and two soil studies (Suc:off et al., 1990; Wolfe and lasIin,

1989). The solution œlture experiment indlcaœd that honeyIocust is arnong the most

AI-sensitNe tree species,. Ail melSUre5 of growth, except for root eIongatIon,

consistently declined as solution AI Inaeased, 0.05 mH being the attIcal value for 1

SOCM. general decrease. The length of raats WIS stimulated at 0.05 m"" but was

reduced at 0.1 mH The physiologlcal bIsIs for the stimulation Is unœrtaln, but may

irwolve reallacation rA assimilatls fram latlnl raots ta primary roats (Suc:aff et al.,

1990). On the other hand, AI inhlblts root eIongatIon in honeyIocust by Interfering with
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mltDsls but œil length Is not affeded (Tepper et al., 1989). The sensltlvity of

honeyIocust ln the two soli studles WIS Jess pronounœd than ln solution OIlture stuc:l1es

. slnce clecreases in growth were witnessed at 0.1 mM. Although AJ3+ and H+ ctNary in

soIls, ail three studies further Indicate that high Ievels fi either can independently

reduce growth. Agaln, AI inhibited the accumulation cl ca and Mg tD the point that the

honeyIocust seedllngs may have become defldent in these elements (SUcoff et al.,

1990).

4.3.2 Alumlnum Toxk:ity ThreshDld V.lues for Conlfers

Table 4.2 contains the Iowest adverse effects concentrations for studles showing

a statistlcally slgnificant deaease in growth of coniferous tree spedes and meeting our

requlrements on nutrition.

With the exception of studles conducted bv SChier (1985) and McQuattie and

SChier (1990), growth of red spruœ seedllngs was inhlbited et At Ievels ranging tram
0.185 tD 0.25 mH The reasons for the lack of sensltlvity of red spruce tD AI in the two

studles mentioned abave are not entlrely dear. However, genetic factors may account

for sorne of the variabllity in response observed in the different studles. Atsa,

experIments using newIy germlnated versus 1-year-old seedlings rnay account for the

variation in response tD AI observed in recI spruce. SChier (1996) observed that roots of

newty germlnated seedllngs produced significantly less bIomass when expased tD AI

leveIs of 0.185 mHthan raots« l-year-okl seedlings. It is weil known that the major

effec:t of AI tDxIdty is the inhibition ~ roat eIongation because the root meristem is the

primary site of AI toxidty. With roat eIongatian making a smaller contribution tD the

inaease in root biomass « l-year-olcl seedllngs than newIy germinltl!d seedllngs, AI

probably had a Iesser effec:t on the inaease in root biomass tA the aider seedlings.

SChier (1985) observed on l-year-old seedllngs signlftcant dedlnes in root Iength, while

root biomass was not affected. Aluminum would have had Jess etrect on root bïomass

thln root eIongation because recluctions in root length are offset bv Inaeases in root
dlameter. At Iow pH, McCanny et: al. (1995) and SChier (1996) observed stimulation of

phoIDsynthetic rate al Alleveis between 0.025 and 0.1 mNand needle growth al 0.185
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mM AI, respectiveIy. This inaease in growth may be expIained agaln by alleviation of

H+ tDxicity by AI~ (Klnralde, 1993), but alsa by suppression rA fungel pathogens as

sorne AI ions are believed to be soil fungitDxlns (1<0 and Hara, 1972). Based on these

results, McCanny et al. (1995) suggested that field conditions (/.e., AI IeveIs beIow 0.1

mM) might play a positive raie on the growth d red spruœ. On the other hand, Joslin

and Wolfe (1992) calaJlated root: denslty aaass a cloud water deposltion gradient.

Restricted root deveIopment in the minerai soil d the high claud site was probably

related ID an unfavourable soli chemlcal envlronment, I.e., Iow base cation and periodlc

high AI concentrations of approxlmately 0.2 mK

ln a solution culture experiment, Nosko et al. (1988) reported reductions ln the

elongation and biomass cA roots of white spruœ seedlings at 0.05 mM AI at pH 4.5.

This Ievei is Iow compared with AI concentrations found in other studies Ioaking at the

toIeranœ of dlfrerent conlferous tree species. In hydroponlcs, a probIem exists in the

continuously changing chemlcal composition d the solution as plants take up and exude

substances, thereby altering pH, ion concentrations, and the relative proportions d AI­

complexing agents and AI spedes. To allow precise control d the solution, Nosko and

Kershaw (1992) designed a nutrlent draJlation system to cIeIlYer a continuous fIow.

Roat growth was reduced with addition d 0.01 mMAI. The magnitude of the decrease

was more pronounced as pH decreased, possibly due to the resultant inaeased

proportion of total AI as phytDtDxic monomertc species. The AI leveI that inhlbited root

growth of white spruœ seedllngs was much Iower than that reported for white spruce

by Hutchlnson et al. (1986) or other conlferous tree species. Hutchlnson et al. (1986)

found that the toIeranœ cl black spruœ is similar ID that found for red spruœ and white

spruce.

ln solution cultured Narway spruce seedlings, the presence rA AI at concentrations

found in forest soil solutions (0.1-0.2 mM) strongIy decrelSes root growth (Rost-Siebert,

1984; Godbold et al., 1995). In sand Gllture, the phytDtDxic effeds of AI are oftI!n

reduœd as a result of inaeased root exudIt:Ion and mucilage production (Horst et .1.,
1990). This WIS demonsbatEd far Norway spruœ bv Asp et al. (1988) who found that

the grawth fi seedlings ln a sand culture was nat iffected untll AI leveIs reached 1.0
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ml4. HcwIever, Hentschel et al. (1993) found that root dry weight ri Norway spruce

seedlings grown in sand OJiture coIonised with mycorrhizal fungi was reduced at AI

, concentrations as Iow as 0.2 mH Thev conduded that colonisation by mycorrhizal

fungi ctoes not signlftcantly alter the effeds of AI on root growth ri Norway spruce

seedlings.

Most studies on spruœ spedes describe the effect of AI on trees growlng in

natural environments tram solution culbJres wtth nonmycorrhizae roots. Because

mycorrhlzal fungi influence the uptake rA minerai elements from the soil, they may

affect the response of trees tD AI. Cumming and Welnstein (1990) who investlgatl!cl the

abllity ri the mycorrhlzal fungus PIsoIlthus t1ndD11us (Pers.) tD modulate AI toxidty in

pitch pine conduded that mycorrhizae inaease AI toIeranœ. Nonmycorrhizal seedllngs

exposed tD 0.2 mM AI exhlbited deaeased growth, whereas the seedllngs inoculated

wIth p. tindDdus exhlbited unaltered growth. The fungal symbiont evidentIy modulated

Ionie relations in the rhizosphere, reducing AI-P precipitation reactions, AI uptake, and

subsequent root and shoot tissue AI exposure. SChier and McQuattie (1995; 1996)

investigated the effect of AI an the growth and nutrition of ectomycorrhizal and

nonmycorrhizal eas1I!m white p1ne and pitdI p1ne. For eastem white p1ne, AI IeveIs of

O.~ mM signlflcantly decreIsed shoot and root growth in bath nonmycorrhizal and

mycorrhizal seedllngs, but had Iess effect on root and shoot growth in mycorrhizal

seedlings. In the pItch pine experiment, AI leveIs ri 0.37 mM reduœd root and shoot

growth in the nonmycorrhizal seedlings, but Md no effect on shoot growth and anly

marginal significant effect on roat growth cA mycorrhizal seedlings. In bath

experiments, symptDms cA AI tDxidty in roots and t'oIiage occurred Il Iower AI IeveIs in

nonmycorrhizal than in mycorrhizal seeclllngs. SChier ancl Mc.Quattie (1996) faund that

in the nutrlent-poor medium, nonmycorrhizal seedllng growth was about the same as

when the nutrlent leveIs of the solution medium was higher. These authors belleve that

if the leveI ri nutrlents in the solution medium had been higher (i.e., optimal) ln the

most c:anœntrated medium, then red spruœ could hhe withstDOd exposure tD hlgher AI

conœnblllons wIthout 1 signlficantdea_ in seedllng growth.
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Paganelll et al. (1987) found that IobIoIly plne root regeneratlon was qulte

sensitive tD AI. Alumlnum concentrations as Iow as 0.185 mM reduced the number of

new roots formed over the 24-day perIod, whereas root length decllned at AI IeveIs of

0.74 mH llvesnleml (1992) found that when nutrition was optimal, scots pine toIerated

AI leveIs as high as 1.85 mMwtthout adverse effect, but that minimal nutrition solution

medium reduced by ten tlmes (I.e, 0.185 mM) the tDleranœ of pitd1 plne tD AI. In

optimal nutrition solution medium, Hutchinson et al. (1986) and McCormick and Steiner

(1978) observed hlgh toIeranœ ID AI of ail six plne spedes. These results indicate that

the strength œ the nutrient solution must alsa be considered when settlng aitical

tDxIcity values of AI wlthin the same genus. Kelt;lens and Van Loenen (1989) observed

very high toIeranœ of scots pine (no seedllng mortalltv) at the hlghest AI treatlnent,

I.a, 1.1 m"f, wIth suffldent supplies of nutrients. In the same experIment and also in a

nutrient-rfch medium, signiflcant seedling mortallty was witnessed for Douglas fir and

larch at 0.55 m~ whlch would Indleate a rather pronounced sensltivtty ta AI.

4.3.3 AJuminum stress IndicatDl'S in FoIests

It seems dltriallt tD stlpulate a general threshold value above which AI

phytotoxlc:itV appears since there are great dltferenœs in AI tDleranœ bebw!en spedes,

and even bet\.." varletles of the urne spedes~ One approach tD assess the toxlctty of

AI on plants is tD almulate the data available and produce a probabllity distribution of

solution AI treatment Ievels at whlch signlflcant etrects on growth of tree spedes were
first observed (Figure 4.2). Based on the results œthis distribution analysis, we can

deftne a value at whlch, for example, 1oeM. of the studles an tn!e growth incllcatl!d

adverse effects. In Figure 4.2, it can be obserJed, based on the data set: of thls

literature review, that in lOCHa of the studles on growth cl hardwoods there was a

negatIve etrect at a concentration ri about 0.10 milAI, whereas 50% of the studies on

hardwaod growth showed an effect at AI leveIs cl 1.0 mM Far conlferous spedes,

these values are about 0.05 mNand 0.30 m", respediveIy. SV lumping conlferous and

harwaod spedes tDgether, we found that grawth of 1oeM. cl tree spedes was negatively

atrecœd atO.07 mNand SOCMt 1t0.«) mM
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Ratios of Ca ta AI in the soil solution change as the soli exchange complex and

the soli solution react ta atmospherlc deposltlon of adcIlc compouncls ancl other natural

soil acidification proœsses. It i5 alsa known that ca competes with AI and this gives rise

ta either ca amellorative effects on AI tDxIcIty or AI antagonlsm of divalent cation

uptake. Assessrnent of the potentlal plant damage tram AI tDxidty is therefore

improved by uslng an IndlcatDr that Integrates AI and ca (e.g., ca:AI moIar ratio ln the

soil solution). Cronan and Grlgal (1995) found that the ca:AI moIar ratios in the soli

solution at whlch symptDms of taxiclty appeared were ln the range rA 0.2 ta 2.5. For

example, solution culture experIments wIth red spruce Indlcated that plant growth or

nutrlent uptake was adverseIy affected et a solution ca:AI moIar ratio of 2.2 or less.

Sverdrup and Warfvinge (1993) summarlsed data indlcatlng the aItIcal (ca + Mg +

K):AI mollr ratio in the soil solution at whlch various spedes (trees, grass and herbs)

experIenced a 20% reductlon ln root growth and conduded that the aitlcal (Ca + Mg +
K):AI moIar ratio for bath conlferou5 and decldUOU5 species was between 0.2 and 2.8.

Based on the analysls of 36 data sets, Cranan and Grigal (1995) estImated that there 15

a 50% rlsk of adverse effects on trees when the soli solution Ca:AI moIar ratio 15 equal

or Iess than 1.0, whereas at 0.5 ta 0.6, there Is approxlmately 75% ri5k of growth

decllnes or nutrlent Imbalanœs. At a ca:AI moIar ratio of 0.2, adverse effects are

expetted ta manifest more than 95% of the tlme. The results rA Ca:AI moIar ratio from

Cronan and Grigal (1995) are hlgher than our results for the same probabllities œ
adverse effeds, probably because thev Included in their analysls studies which showed

effects on nubltion (Figure 4.3). We fOund there 15 a 10CMt rlsk of adverse effects ta

accur on growth rA hardwoad species when the ca:AI ratio i5 about 10.0, 50% risk of

decrease in growth at 0.9 ca:AI ratio, and 75% of probabliity If the ca:AI ratio 15 dose ta

0.70. Adverse effects on growth of conlfers Is llkely ta occur at 1.3 CI:AI ratio 10% of

the tlme, SOCMa et 0.50, and 75.... at 0.30. When conlfers and hlrdwoods are mixed, the

probabliities for adverse effedS on growth are 6, 0.80, and 0.30, respectIveIy. Adverse

effects are ecpected ta manlfest 95tH. of the tlme at 0.07 ca:AI ratio. The uncertalnty

associated wIth this probabilistic Ipproach ta ass!55 a1tica1 solution ca:AI maIIr ratios

ln the soil solution 15 that It 1) Is largely bIsed on seedllng responses under contralled
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conditions wtth a mixture fi more or Iess sensitive specles studied under varying

treatment conditions and 2) assumes that one can extrIpoiate from results wIth

seedlings to mature trees growing under field conditions. Taking these unknowns into

account and the limitations in weighting the evidenœ from the studles, Cronan and

Grigal (1995) estimated the unœrtalnty ta be ±50%.

The aetIvIty cl Al3+ can be modeIled assuming equllibrium between AI in the

solution and AI in the solld phase (i.e., miaocrystalllne gibbsite). The miaocrystalllne

gibbsite soIubility constant relates the aetivity fi free AJ3+ tD pH uslng the relationship [

AJl+l = AI (H+jI; where Ag is the soIubility cœftIdent ln Figure 4.4, the LOAEC

concentrations for tree specles were ptotted agalnst the soIubillty ouve cl AI tD assess if

phytotoxic reponses are IlkeIy ta occur in forest soIls. If we accept the assumption that

the amount of total dlssoNed AI Is controlled bv the precipitation rA miaocrystaillne

glbbslte, the pH values that correspond ta the 50% LOAEC for bath conlfers and

hardwoods 15 about 4.4 for forests. Most rA the AJ reIeased Inta the 5011 solution by

weatherlng of minerais woulcl be bound ta organic matter whlch makes dlssolvecl AI

unavallable ta tree roots. We therefore condude that AJ taxldty is only llkely ta occur in

the minerai soil when the pH 15 beIow 4.4.

4A ConcI....on

The dlverslty rA the methods and specles used ta assess the phytDtDxldty of AI

has Ied ta diffia.llties in settlng a1tica1 tDxidty threshold values. The unœrtainty

associated with this exercise is that the datablse is lal'gely seedllng response studles

where conditions were c:ontroIled (i.e., hydroponics). Thus, extrIpoIating the results

tram seedling studies ta mature growing trees has limitations. Taking these limitations

into consideration, we determlned LOAEC values for AI concentrations in the sail

solution where 10% and seN» fi the studies on tree specIes show negatIve effects (0.07

mil and 0.37 mMfi AI, respectNeIy) as weil as for ca:AI moIar ratios (5.0 and 0.82,

respectNeIy). ModeIllng the actIvIty fi AI ln solution uslng miaocrystaillne glbbsite

IndIcat8d that the SOCM» LOAEC for conlfers ancl hardwoods wauld accur at about pH 4.4•
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Figure 4.1 SoIubility ri AI species (and total AI) in relation wIth pH in a
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constant from Undsay, 1979).
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observed. Data Il tram Tables 4.1 and 4.2.
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Table 4.1 Lowut _tlltbllr 8Ignltlmnt lICIverM eIfeID CDIIœIIbatians for elumlnum for 118rc1wDad Iped••...... Solution SOlution ltI'8ct pH ExpoIu.. Type'" RefeNI..

AI(mN) CII:A1 lime aallu.........
Ac:wS«rIJMInMarsh. 1.0 0.25 • leif and stem growth 4.0 45days SoIajIon Thoiiltun et al., 1986a
(SLr.Iar mapIe)
Btltrâ~ ].0 Not • Root and Ieafgrowth 4.5 60days SoIlêJn Hoyle, 1971
BrItIDn avaIlabie
(Yellow blrt:h)

4.45 0.9 • Raot eIongatIon ].8 7days SolLaton McCDrmIck and S1I!Iner,
1978

....pi/f1YfIffJIa 4.45 0.9 • Roat eIongatIon ].8 14days SoII6Jn S1I!Iner et al., 1980
Mersh.
(PIper blrch)

4.45 0.9 • Raot eIongatIon 3.8 7diJys SoI~ McCDrmIck and S1eIner,
1978

....poptillblla 4.45 0.9 • Root eIongatIon 3.8 7davs Sol'*'" McCDrmIck and S1eIner,
MIrsh. 1978
(Grev blrd'I)
Btltrâ,.,u.Roth. 0.2 Nat • PIart and root weIgtt 4.48 15, 29 or 42 S8Ind (]egg and Gobran, 1995
(EwqJBI blrth) avaIlabie (tnier Pdeflclenty) days
QœaIS l'IJInL 7.4 0.54 • Root eIongatIon ].8 7days Soflilon McCDrmIck and steiner,
(RedOlk) 1978

0.75 0.01] • Root eIongatIon 3.8 63d1ys SoI~ Kruger and Sucdf, 1989
0.115 4.48 • Tap root and tdaI root 4.5 10 weeIcs SOli DeWaid et al., 1990

growth
QœalStrJIu 1.1 0.18 • No seedllng mortaUty 3.8 150dIys SoILaton KeIt;Iens and Van Lœnen,
(EJVIsh Olle) 1989
QuBtaJsp1I/u$tI1s 7.4 0.54 • Root eIongatIon 3.8 7days SoIl6VI McCDrmIck and steiner,
M&Enchh. 1978

_(Pin oak) _..
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T8.... 4.1 (con't) LoweIt làtlatkallyIIgnltlrant...,...errects CDIIœIlb.tianllor _Iamlnam for "'nIwood......

....... Solution Solution Itfect pH E.,..n Type of ...........
AI ("'N) C8:A1 tlme cununa

l1iiio
McConnIck and steiner,
1978

WOlfe and JosIln, 1989

SteIner et al., 1984

SoIt6M1

SoI~

Soli

SoILjIQn Rost-SIebert, 1984

Soli 5uaJtfet al., 1989
SoI~ ThoInton et al., 1986b

7days

7days

37days

ndays
35days

14days

3.8

4.2

3.8

3.9

4.2
4.0

• Root eIongation

• Root eIongation

• Root eIorl.JatIon,
InIdling and bIomass
producIton

• ...,mISS and runber
• Root, shoot and Ieaf

bIcJrn& (not root
eIoIlgItIon)

• Root eIongatIon

36

10.8

5.05

1.45
S.O

0.2

0.37

0.11

0.21

0.26
0.05

0.37

1'fJpW$11BJdmDwIczI/X
l1'It:htJt:afI>SdnIner
and Strù, clone NE-388
(HybrId popIar)
10 l'fJpW$hybrtd
dones (e.g., rE-318,
NE-19)
GfII:aIB lt8naIInIIIDs L
(HoI-,1ocust)

,..sy/WItJt2L
(~t.ch)
AJtugUintJJM 4.45 0.9 • Root elongatlon 3.8 7 ctavs SoIaaIon Mc.CormIck..StelrB',

JEu'OI-l bI8Ck aider) 1978
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'able 4.2 Low_ ltallltlc8lly IIgnlftc:lnt.....".,...œnœntntllonl far alumlnum far œnlferous.....

..... Solution Solution Iffect pH IxpaIuN Type of ......,.,.
M~~ ~~ d~ m~N

ndIo
3.7

3.7 6-8weeks sand MtCannv et al., 1995

4.0 10weelcs SInd ClmnIng and Brown,
1994

3.8 13weeks SInd Sd1Ier, 1996

l.8 32days SOIlê)n Sd1Ier, 1985
4.0 35 diIys SOIlê)n Thon*", et al., 1987
3.8 7O-98di1ys SInd tud1Inson et al., 1986
].8 37days SolIMan McQuIIIte and Sd1Ier,

1990
4.5 15 diIys SOIte»n Nosko et al., 1988

AblesIJlllamtB(L)
Mil. (BiIIsIm ftr)
PIt8nœrs5arg. (Red 0.25
spruœ)

0.2

0.185

l.7
0.25
0.185
3.7

PIt:M (Moench) 0.05
Voss
(WhIte spruœ)

0.41

0.08-0.24

1.0

2.0

0.41
1.0
0.54-2.2
0.41

0.2

• Root eIongation

• Photosy. lIhedc RIlle and
WIlIb!r-use eftIdeIltY (N
defIdert aJbns)

• 5eecllng growth (ttgh N
avaIlabillty, whIch
trIggInd p mess)

• Nevttv germlrIIted
seedllng growth

• Root eIoilgltlon
• Root growth
• Root and shoot growth
• Roat cIameteI

• Roat eIongation and
bIomass

3.8 32days SoItAIon SChIer, 1985

0.01 1.0 • Root eIongaUon l.S. 7 days SoILjk)n Nosko and KershIw, 1992
4.5

0.185 0.54-2.2. Root and shoot growth 3.8 7O-98d SInd Hl.â:hInson et al., 1986
JIW".,..(Mill.) 0.37 0.27-1.1. Root and shoot growth 3.8 7O-98d sand tUd1Inson et al., 1986
ISP._<Bllckspnal _
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TIl.... 4.2 (œnt.) ...._ ItdItkaIIy lIgnltlc:llnt....effeds œnœnb.tIonI for .Iumlnum for œnlfenMll ............. SoIuIIon Solution lfI'ect pH IxpaeIn Type of .......

AI(mN) c:e:AI tlme cuIbn
l'8l1o

PIt:I8MJIes(L) Karst. 0.04 1.0 • Root eIongatIon 3.8 14di1ys SoIltton Aost-5Iebertt 1984
(Norway spn,œ)

0.2 0.65 • Root growth 3.9 10weeks SInd Helltschel et al., 1993
0.1 1.3 • Roat eIongItIon 4.0- 7weeks SoILjIon GodboId et al., 1995

5.0
0.8 0.16 • Root eIongItIon 3.8 35days SOI&jIQn GodboId et al., 1988
1.0 0.1 • Root growth 4.2 9wee1cs ln SInd. MI) et al., 1988

sand.3 soILtion
deys ln
soI~

0.185 0.81 • s-Ilng growth 3.8 169d1ys SInd Il\esnleml,1992
PIIIJSsInJbusL 2.96 0.03-0.13 • Total growth 3.8 7G-98d1ys SInd tud1Inson et al., 1986
(WhIte plne)

O•• 0.82 • Root • shoot growth 3.8 12 weeks sand SChIer and MtQuattte,
1995

PIIIJS rItJ/dIIMil. 0.1 10 • Root and shoot growth 4.0 35days SInd Q.mmIng and welnstl!In,
(PItm plne) 1990

0.37 1.0 • Root • shoot growth 3.8 66days sand SdlIer and MtQuattte,
1996

4.45 0.9 • Root eIongatIon 3.8 7 diJVs SoIt8Jn McCDrmIck and SteIner,
1978
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,...... 4.2 (CDIIt.) Law8lt _tlltlcally IIgnltlcant....1Iffe1D œnœnb........ far .Iuminuni for canlr.aus ............. Solution Solution lII'ed: pH -....... Type of ..,....

AI(mN) ca:AI lime QI""'"ratio
PInus bMIts8tIiILamb. 1.5 0.07-0.27 • Root and shoot growth 3.8 7O-98days Sand Hl*hInson et al., 1986
(Jack plne)
Pfru lta!dJ L (LobIoIIy 0.185 Not • Root production 3.5 24days Sand Paganelii et al., 1987
plne) avaIlabie

(no
lUrIert
added)

PInus MIpfrtIIMil. 4.45 0.9 • Root eIongatIon 3.8 7d1ys SoI~ McCormk:k and SteIner,
(VIrginil plne) 1978

PInus ".IIts 4.45 0.9 • Root eIongatIon 3.8 7days SoI~ McCormk:k and SteIner,
(Stotsplne) 1978

0.185 0.081 • Shoot growth 3.8 169d1ys SInd IIW!snleml,1992
PMJdrtIp9' msnzJBsIl 0.55 0.36 • 5eldlng mortaItty 3.8 150days SoII,jtQn KeItjens and VIn Loenen,
(Mlrb.) Franco (Douglas 1989
ftr)
l.MIx dIJt:JtAJ6 (Lath) 0.55 0.36 • 5eed11'Y:J mortaItty 3.8 150dIys SOIlêJn KeII;Iens and van Loenen,

1989
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Dllute H2SO.. and HNQ, solutions brought IntD ecosystems bv precipitation have

acIcIlfled forest soli envlronments $Ince the onset of Industrlallzatlon. Recent decreases

in H2SO.. Ioadlng fn:m the atmosphere ln northeastem North America did nal: have the

. expected benefldal effect on the acId-base status of forest soIls. In tact, many salis,

streams, and lakes ln northeastem North America haw not recovered from acidification

as strong dedlnes ln base cation concentrations ln soli solutions and surface waters have

exœeded the c:Iecrease in soi- concentrations. Moreover, NH3 emissions are inaeaslng

in most parts ri the worId. An exœss of N ln forest soils could rnean hlgher leveIs of H+

ln the solution and further removal cl base cations from the sail environment through

leachlng lasses. In commercial farests, hlM!5t removes pennanently base cations from

the soil-plant ecosystem, resulting ln a permanent Ioss of soil alkallntty. Therefore, the

comblnatlon of addlc deposltlon and Intensification of forest operations (whoie-tree

harvest vs. stem wood harvest) rnay cause cation nutrlent deftdendes that could Iead tD

the decllne of conlferous and declduous stands ln northeastem North AmerIca. In

reœnt years, soil chemlstry and nulTition studes have not entirely sueœeded in linking

the decline of forests of northeastem North America with atmosphertc loadlng of strong

acids. The objective of this thesis was ID valJdate the dynamlc modeI SAPE (Soi1

Acidification ln Foresb!d Ecasystems) ln a small dedduous forest of southem Quebec 50

that the modeI could be used 10: 1) identify which processes are goveming acidification,

and 2) assess the rates of addlflcatlon accordlng 10 various forest conditions. this

thesls was composed of four chapters whlch were ail neœssary steps leading tD the

validation of SAPE ancl determlnlng the fate of dedduous fol ests ln northeastern North

America:

Chapter 1 - Soli and soli solution chemlstry between burned ancl unbumed zones

toIlowing flre dlsturbance seventy-tive years ago was examlned wlthin the stand. The

forest ftoor and minerai soli of the bumed and unburned sed:Ions and soli solutions were
sampled periodically fn:m 1993 10 1997 and analysed far basic chemistry. Results show

two major, statlstlcally signltlcant, differences: 1) higher base status, and 2) Iower soil

solution N ln the bumed zone. High quallty leIf IIUer of aspen and blrch (bumed zone)

reIatIwe 10 that of maple (unburned zone) has cantrlbutI!d ID the enrlchment ~ bise

cations ln the fan!st fIoor. The enrkhment of the forest fIoor dld nat Impoverish the B

horImn as seen ln oIher stucIes.. Rather, ftre enrlched the sail ln bise cations Incl
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buffeted the effect ri forest regrowth in the 8 horizon. It is hypolhesized that Iower N

mobillty ln the bumed zone 15 caused bv greater mycorrhizal fungl actIvity.

Chaptel" 2 • The MAKEDEP modeI was used tu reconsb'uet the time sertes input files

needed tD run the SAFE model. In MAKEDEP, the avallabliity of N determlnes tree
growth whlch in tum, affeds most of the processes involved in nutrtent cycIlng. In that

respect, we have assessecI the modeI sensitMty (i.e., reconstructed tree growth and

cyding pracesses) tD N availabllity at the studV site under bumed and unbumed

conditions and ln tum, calculatl!d the N leaching rates as the residual component of ail

processes acting as sources and sinlcs of N. The scenario that added 10 mmolc NKt m·2

yr.l through bioIogical N fixation and dry depositlon minus denltrtftcatlan recreated N

leaching rates at the study site with the most precision. Adding N tD the modeI was also

neeessary for: 1) the trees tD grow tD what MS measuredln the unburned and bumed

zones, and 2) not tD underestlmate cydlng proœsses such as canopv exchange and

Iltterfall. Further, the sIopes ri the regressions ri measured depositIon at the Hubbard

Brook Experimental foi est, New Hampshire, and simulated deposition at the study site

suggest that MAKEDEP is a suitable approach tD modeI the deposition trends of major

eIements wIth the exception ri Na. We needed however tD modlfy the standard CUMS

of emlssions in MAKEDEP (origlnally european curves of emissions) 50 that thev would

reftect the northeastem North American sœnaio tg obtain a better nt with the

measured trends.Cha" 3 • The SAPE modeI was callbrated under bumed and unbumed conditions at

the study sib!. Wlthin the site, facb:n drtving soil formation are very slmilar (e.g.,

parent material, sIope, dlmate, E). Fire dlsturbanœ and forest regrowth have

hcMIever produœd a dlfferent soli chemlcal composition whlch WIS used tD valldatl!

SAFE. One way \'le have valldated SAPE WIS tD see whether It could reproduce the

current dlfferenœs ln soli chemlstry between the zones due tD dlfferenœs ln site hlstDry,

i.e., fire dlsturbance. A second apprœc:h for modeI validation was tD vertfy if SAPE muid

reproduœ slmllar pre-lndustrlal steIdy-stlte soli chemlstry betv..-n the zones as the

site histDry was assumed tD be the Ame prior tD flre dlsturblnœ. The simulated soli

chemlstry WIS in dase agreement wIth the measured unbumed sail CDndItions, but

sorne praœsses wauld have tD be darifled or accauntl!!d far with greatI!r accuratl!ly,

e.g., bIoIogIcal N ftxatIan and N Immobillzatlon bv myaorhlzal fungl, tD repnxIuœ mare
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ac:curately the measured bumed soli chemlstry. Further, the assumption that pre­

Industrlal soli chemlstry yIeIded bv SAFE would be slmllar muid not be valldatecl slnce

sorne prccesses in the burned zone were poorIy modeIled and/ar pre-industrial soil

. tonnlng fadDrs may have not been slmllar as believed. Simulated soli chemlstry uslng

the SAFE modeI reinforced the conduslons ri a few hlstDrical soli chemlstry studIes

whlch support the hypothesls that acId-sens1tive forest sites of northeastem United

States underwent a signlftcant change during 1930-1980. Most of the Ioss of

exchangeable base cations was believed tD be caused bv inputs of strong acids from the

atmosphere. Madel projedlons in the minerai sail suggest that a new steady-state

should be reached in the 21- century uslng the best-case scenario ri N depositIon and

assuming no harvest intD the next century. A harvest in 2020 (unevenaged

management or a dear-eut with on-site Iopping) could aeate unstable conditions which

Ieads tD further addIftcation ancl Imp0t4er1shment cA the sall's base cation reserve ln the

minerai soli.

Chapter 4 - The alm of thls chapler was tD provIde a review of the scientlflc llterature on

the toxtclty of AI tD trees 50 that crltlcal tDxIdty values are ldentlfted for bath conlferous

and deciduous tree spedes. In this review on LOAEC values, a number ri studies were

ellmlnated If the plants were grown in solutions with Jess than 0.05 mM ca
concentrations ln solution. This value 15 consklered tg be the minimum that can be

exped8d based on studles ln forest salis ln eas1em canada or northeastem USA.

Studles that only demonstrated a decreIse in nutrlent uptake were also not considered

tD show an adverse effect If thls was nat accompanled by a decrease ln growth. We

found in lac. of the studies on conlferous and deciduous tree spedes that there was a

negatIve effect at a concentration of 0.07 mM AI, wt8!1S 50% cl the studles showed

an effect at Alleveis rA 0.4 mM. AIso, we found that there WIS a 10% risk ri adverse

effects ID oa:ur on tree specIes when the ca:AI ratio was 4.0 and a SOCMa rtsk cl

decrease in nutrition or growth at 0.8. If we acœpt the assumption that the amount ri

total dlssalved AI Is controlled bv the precipitation ri miaocrystaillne glbbsite, the pH

values that correspond ID the so-Mt LOAEC Is about 4.4 for forests. Most cA the AI

released InID the sail solution bv w&therli'tg « minerais wauld be bound tu orgInic

matter whlch malœs dlssalved AI unavallable ID tree roots. We thelefate canclucie that

AI tDxIdty Is anly IlkeIy ID oa:ur ln the minerai soli when the pH Is beIow 4.4, but
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projectIonS d pH inID the 21- century using SAFE suggests that AI phytDtDxidty is

unlllœly tD occur ln the future.
It seerns that at the present stage Œ modeI deveIopment, the comblnatlon d

MAKEDEP and SAFE tri simula soli chemlstry does not provIde output data accurate

enough ID give slte-specific farecasts on nutrient availability. Sorne processes are either

simpllfted or poarty assessed. For example, there are enors assocIated with determining

kev physical and minera~1 propertIes which may Iead ID inaccurracies in simulated

weathering rates. Simllarly, methods for determlnlng dry deposltlon are still being

improved whlch aeates uncertalntles about the rates fi input we have used in this SAFE

application. AIso, the mlaoblal communlty ClJUId Inftuence N mobIllty ln the soli profile

whlch, ln tum, affects the add-base status cA the soil, but thls is not Induded in any way

in MAKEDEP or SAFE.

The simpllfled approach used ID calculate the varlous c:ycIlng proœsses as weil

as the Iack of precision ln the Input parameters therefare aeated uncertalnty about

simulating soil chemistry for slte-spedfte conditions. Ho\vever, if this is the goal of a

modeller, we suggest the foIlowing for future research:

1- A study that would look at the miaoftora population along the N saturation gradient

d bumed stands vs unbumed stands would help ID determlne the raie cA ftre on the

soil's overall N status and miaoflora. Once the conbibution of the mlcrobial communlty

ID N immobillzation as been assessed, then the modeIler can provide changes in the

schematk: desaiptlon d SAFE 50 that simulated soil chemlstry will IlkeIy be in betœr

agreement wIth the measured soli data;

2- Most ri the sdentiftc Ilterature an dry depositIon is either for coniferous tree species

oftI!n at high elevatlon sites or other hardwoods than mapie, birc:h, and aspen. Dry

cIepasition is a functlon cl leIf surface area, but this parameter varies signlftcantly

among tree spedes (canlferaus vs declduous and withln han:Iwoods). If the goal of the

modeIler is ID slmulate sail chemlstry between maple, birch, and aspen, we thelerore

suggests ID improve the knowIedge about dry cIepasition for these specifie tree species

using the QlrrentIy avallable œchnlques.

We stlangly believe that MAIŒDEP and SAFE would be more usefuI If thev were
applled It the reglonal scale rather than for specifie sites. SAFE could gNe a gelM!I'IIzed

foi ecast of sali chemlstry and nutrIent avallablilty. this œulcl be done for varlaus tbrest
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• sites in Quebec where spedes composition, stand age, parent material, soil fertlllty, and

future harvest operations vary. By doing so, SAFE would offer ln indication of the

ability of a fa'est soli tD supply cation nutrtent for optimum growth, e.g., Ippllcatlons of

, SAFE for fast growlng tree species (Norway spruce or Japanese larch) and slower

growing spedes (black spruce and balsam flr). This would be an improvement tD ail the

a1tIcalloads simulation work (steldy-state modeIs) that was conducted reœntly ln the

sense that the dynamlc modeIling approach would provide valuable forecasts tD

foresters indudlng proJected hanN!5t operations. But before doing so, we suggest the

foIlowing approach tD fulfll modeI parametl!riDtion:

1- Use the provindal or staœ depositIon rnonltDring programs as a basls for ftuxes of

major elements in deposition;

2- Develop 1 method for estImating throughfaU fluxes for the various tree genera based

on depositIon data;

3- Assemble general equatlons tg assess growth, nutrient contents, and uptake rates

for the diffeent tree components Inducllng roots;

• 4- Provide ranges of fluxes for litterfall, mineralization in the forest ftcor and minerai

soil, and net minerallzatlon during and after forest disturbance;

5- Establlsh a method tD detl!rmine the distribution of nutrient uptake along the soil

profile based on rooting distribution and minerallzatlon rates.

Assessing cyding proœs es in such fashion is important for the application ~

SAFE et the regianaI scale as the same set fi assumptlons will always be applied for

simulating the long tI!rm changes in soli chemistry. This will help avoicl serious errars in

modeI output which may go unnotiœd if the tlrne series files used tD run SAFE is

adjusted unreasonably tG obtaln reasonable output.
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