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ABSTRACT 

The obi! Ai, _ of this sllId~ \Vas to asscss flœ specH.'s IIlllul.'lll'l~ on fOI est 11001" 

fertilit, in a T!1h.C" 1 i:'!lt stan (\ 'l',ing R~dundan4..·y Analysls (RDA) Eii'hty mil'wsltl'S 

were locah'o j) ,1 ~"",,,,, l~mloc\"-lCtl mapk forest. Forest 11001 wa~ .lIlalY/I.'u for Ihlrtc..'cll 

valiables; tu\. l '" Cl and M~- e~lractahlc C." Mg and K. Illll1l.'rall/ahk N (NI 1 .. +), 

basal microb:'ll re~pin~11 ," -;::(2), pU. thlckness and bull, dl'llslly. 1'11,' \I11lllClllT of SCWI1 

tree specics wa.'i ,,-ulnll:ll ,(,\ as a function of tnx' dlall1L'll" and dlstallce flOm each 

microslte, Spau:t1 pattcl ,,~\' rI.' dctccted hy using llHldogl,UI1!'-. and IIll'mpOlall.'d in a 

variation-partitioning ,..-.r 1 trend surra~l' al1.llysl:-' Tll'l~ ~,pl'(,II'S. 1lI14..'WtopOgl aphy. 

and spatial "truclli _ 1., uf the total vanalton in 1 ()lL'~1 11001 data. The 1 rad 1011 

explained h:' tr, <v ",","'" "r,I •• , l) was sludied \VIth a RDA ordination hl plot. The 

main source (" Vf'; ,1 \' , " Iii , wta was relatl.'ù mainly to the opposlle drccls ni 

American beech an... c.\vrn h," .K nn calcium whtlc 'nost or lhe other .-,pecics had a 

beneficial cffect on soil [çi.: ,'~ fhÎ~ study showed the pOlcntial of' RDA il,', a 1001 l'or 

studying the role of tree sp~cics in mixcd l'orcsts . 
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RESUME 

L'ohjectif de cette étude est d'évaluer 1';,nDuence des espèces d'arbres sur la 

ferlilit6 des sob de peuplements mixtes en ulilisantl'analyse de redondance. Quatre-vingt 

micrositc!-> ont été localisés dans une forêt de hêtl'e-pruche-érablc rouge. Treize vmiables 

de la couverturc mortc ont été mesurées; N, P, K, Ca, et Mg total, K, Ca et Mg 

extractible, pH, respiration microbienne basale (C02), N minérahsable (NH ... ), l'épaisseur 

et la densité apparente. L' mtluencc des cssenc~s a été calculée en fonction du diamè-ll'e 

de l'arhre et de sa distance du m Îl:ro site. Des patrons spatiaux ont été détectés à l'rude 

de corrélogrammes et intégrés dans un modèle de partition de la variation avec une 

analyse de tendance de surface. La vmiation totale de la couvel'lure morte expliquée par 

les différentes e~scnces, la microtopographie et la structure spatiale fut de 53 %. La 

fraction explIquée par les eSf,cnces seulement (16 %) a été étudiée à l'aide de ]' ordination 

d'une analyse de redondance. La source principale de variation dans le sol est associée 

à un effet contraire du hêtre et de la pruche sur le calcium pendant que la plupart des 

autres es~enccs semblent avoir un effet bénéfique sur la fertilité du sol. Cette étude a 

démontré le potentiel de l'analyse de redondance pour étudier le rôle des différentes 

essences dans ks forêts mixtes. 
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The fertility of !·orcst <;nil is controlled by many interacting factors including 

parent material, topography and drainage, climate, di~~urbance and biological activities. 

At the stand lcvcl, trees have becn rccognized to play a major role in infIuencing 

propertie~ of ~urfacc soils. The nature of this influence is primarily dctcnnined by the 

quantÎly and the quality of nutrient and organic matenal input~ in the ecosystem through 

ahovcground littcr dccomposition, fine root turnover and exudates, and by the 

interception, alteration and redh,tribution of precipitation water. This influence of trees on 

soil fertility varies among ~pecic5. 

Many studies have obscrved the relaLionship between the quality of foliage litter 

and iL"i decomposition rate and nuuient re1ease (Aber and Melillo 1982; Melillo et al. 

1982; McClaugherty et al. 1985). The differenccs betwccn the liuer of different tree 

spccics in tcrms of nutricnt content, ligmn and polyphenois concentration (Melillo et al. 

1982; Berg et al. 1984) and their acid-base status (Côté and Fyles 1993) can affect the 

decomposltion and thus, the characteristics of the forest floor (Melillo et al. 1989; 

Boemer I984a; Tappeiner and Alm 1975). The input of carbon and nutrients through 

exudates and the turnover of fine roots is considerable. Carlyle (1986) indicates that the 

bclowground organic input can be 2-5 Limes that of abovcground litterfall. Bowden et al. 

(1993) ohscrved that 30 % of the respiration in forest soil can be associated with the 

decomposition taking place belowground. Bercndse et al. (1989) suggest that root carbon 

exudatcs may affect nutricnt mincralization rates in fore st fIoor and that cxudation may 

diffcr betwccn species. The effcct of stemflow and throughfall (Parker 1983) mayaffect 

soi! charactcristics at the basc of the trunk and un der the canopy of trees. Gersper and 

Holowaychuk (1971) have observed differenccs in the quality and quantity of the 

stemflow among trce species. 

In addition, tree uptake of nutrients can alter the fertility status of forest floor. 

Sorne studics have demonstrated differences between tree species in terms of their nutrient 

cycling rncchanisms (Boemer 1984b). Tree species also affect a series of other ecological 

pararnctcrs such as understorey density and species composition (Crozier an1 Boerner 
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1984; Beatty 1984), mycon'hizal communitics (Na.nLel and Ncumann 1992), and soil watcr 

content (Mergen and Malcolm 1955) aIl of which l'an alter soil l1ulricnt status. 

Information about the role of dlffeœnl t1\'l' SpCCICS on f\)rcst soil fcrtility IS 

necessary for appropriate management of 1'orcsts. Many sIIvil'llltural pl al'til'l's IIlvolvc 

modification of the species composition of stands, by SdCl'lIvdy p:antillg 01" harwsting 

certain tree species. Although these practiccs may also have an erfcl't on Olltl'I ccological 

parameters (cg. competition for rcsourccs such as light or walcr), the potcl1ual 10 affl'ct 

the nutrient cycling and the produetivity of the stand is consHkrahlc. In plantation the 

presence of species that can arncliorate soil ferLility may improvc the prodllCtlvity. The 

positive effect oflarch on the produetivity of Sitka sprucc stanos (Malcolm 1l)87), gumhel 

oak in Ponderosa pi ne stands (Klemmedson 1987; Lefevre and Kkmmcdson 19XO) and 

big-Ieaf maple in Douglas-fir stands (Fricd et al. 1990) Illustratc Ihe facl lhal some tree 

species may be considered beneficial for the fertility of a sland. Thcse H~MlItS suggcst thal 

a better understanding of the influence of different trcc spccies on ~Otl propclties may 

lead to a more efficient use of mixed-plantations (sec Canncl et (/1. 19()2) thal would nol 

only be more productive and economically profitable, but also more slIsl:unahle. 

Practices involved in the management of natural and semi-nalllral woodlol lhat 

selectively harvest certain species (shc1terwooc, thll1ning) or rel110ve the lInd~1 ~Iorey layer 

(weeding) may use information about the role of specifie lree specics on sutl plopl!rties 

in order to evaluate the impact of these practiccs on the long-Lerm ferltlity and 

sustainability of the forest stands. 

In eold and temperate forests, however, the abllity lo cvalllaie a parlicular 

management practice is made difficult by the timc frame at whlch trce ~pecies ~an grow 

and affect site conditions. In order to get information about the cffect 01 tree ~pecies on 

soil fertility it is neeessary to study natural and mature forest ~tands 111 whlch trcc~ have 

been able to influence soil charaCleristies for a long penod nf time. Many ~llldies have 

examined the effect of different trce spccies on soil charactcristics either at the ~lIlgle-trce 

level (Zinke 1962; Boemer and Koslowsk) 1989; Bocttcher and Kalis/. 1990; Lodhi 1977) 

or at the stand level (Fyles and Côté 1993; Fyles and MCGlll 1988; Klemmcdson 1987; 

Carlyle and Malcolm 1986). ln gencral, these studies were able lo dcmon~tralC significant 
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differcncc~ betwcen trce species. Most of the studics were donc however, on stands of 

rcl.~tively low diversity (pure stands or mixtures of two species) and there is very few 

inrormalton about the specifie role of different lrce species in mixed-stands. 

The presence of many co-existing spccies generates more i11teractions between the 

diffcrent procc~ses involved 111 CUIT munit y stIU'.:turing (sec FreHch et al. 1993), either 

through the Iclationship bctwecn the different tree specics themselvcs or the effect of 

other cOlltrolhng factors such as parent matel;al or drainage that can be spatially 

stIUctured Ol cr the site. Spatial hctcrogellcity. whcre tree species are distributed neither 

evenly nor randomly, can make the trcc spccies influence on soil properties difficult to 

isolate from thc confounded crfcct of other controlling factors. In addiLon, part of the 

spatial structure obscrved on the site can be caused by the presence of autocorrelation in 

which observations cannot be cons~dered independ~~nt from each other (Legendre 1993). 

This non-independence of observations violatcs the assumption of 1110st parametric 

statisLÏcal mouds. 

In oruer to isolate trce species influence on t'orest soil fcrtihty, a statistical model 

nccds Lo incorporate the spatial component. Legendre and Fortin (1989) stressed the faet 

lhat most ecologic~J data is spatially structured and that an analysis of that spatial 

structure should he the first step of the analysis. A mode} of variation-partitioning was 

developcd hy Borcard et al. (1992) in which the spatial structure is incorporated as one 

of the factors llltluencing the variation in ecological communities. Trend surface analysis 

is used to integrate spatial structure by building a polynomial equation with the 

gcographical coordinates of the observations. This model has not yet been tested on soi! 

data but has the potcntial lo addrcss the problcm of spatial hcterogeneity found in mixed­

stands. 

Thc modd of Borcard et cll. (1992) is also adaptcd [or muItivariate data, in which 

the statistical model aims at cxplaining the variation in the response data taken as a whole 

inslead of tJ1C rcsponsc variable taken individually. Since soil variables have bee.n shown 

to he intcrcorrclatcd and to vary more or less in concert (Norris 1970; Webster 1977), l 

have decided to examine the variation found in the soil data taken as a whole, in which 
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each variable is considered ta be part of a more compJcx system that is commonly 

referred as sail fertility, and rcsponds ta the same enviflll1mental gradient~. 

The objective of this study is thus, to measure in a mi",ed-sland the lrel.' specles 

influence on sail propcrties taken as an ensemhk hy U~l11g the l11l'lht)u of BOIl.'ard et al. 

(1992) in which spattal structure IS tnlegraled in a variation parttlll)JlIllg mndL'l. Bœausl' 

this model has not becn tcsted with soil data, a prelim1l1ary test of tlll' applil.'ahtlily of thl' 

method was necessary before plOcceding with the study of tree mf illl'Ill.'l' un soil I"ertllity. 

In the first chapter, as proposed by Legendre and 1 ;ort1l1 (19Xl»), .l prduninary 

study of the spatial structure present in the data set was dnl1L' \VIth the 11l'lp of MOlan's 

1 eorrelograms and multivanate correlograms in order 10 delect and visualt/l' the shape 

of the different spatial patterns. The ability of the trend surl"acl' allaly~l~ tn l.'aplllll' tlll~ 

spatial stlUcture in the data 'vas tested bcfore proccedl11g Wllh 111l' pal tltwlllng of the 

forest floor variation into four fractions; a) variati~n rclated to enVlwnllll'ntal vanah\cs 

(tree species and microtopography), b) vanation rclaled to a shal L'd cf I"ect or 
environ mental variables and spatial structurc, c) variation Iclated to ~patlal ~Irllclure alone 

and, d) unexplained variation. In the context of this expenmental design, the sharl'd l'Ikct 

of environmcntal vmiables and spatial structure can also he descnhed as a clmtoundell 

effeet since it is impossible to scparatc !.he cffect of cnvironmental vallahles t'rom the 

influence rclated ta thcir spatial stl1lctu\'C. 

In the second chapter, the partitioning involves another stcp 111 whlch the 

environmental vadables are scparatcd into their trcc spccic~ and miclOtopographical 

variables. A more complete study of the relationshlp helwccn the dit lercnt lice ~pecles 

and the forest floor variables is conducted . 
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CHAPTER ONE 

ENVIRONMENTAL CONTROL AND SPATIAL STRUCTURE IN FOREST 

FLOOR DATA. 
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INTRODUCTION 

Any study aimed at cxamining the factors controlling rorcstl1oor lèrtility must dcal 

with the inherent complcxity and hctcrogencity of forcst Cl'osystcms. Within a forcst stand 

or landscape, controlling factors sueh as parent materml, topography, hmlogtcal acttvttics, 

disturbancc and climatc vary at dirrcrcnt seale over timc and spaœ (cg Wyant et lIl. 

1991; Cox and Larson (993). Sueh variatlOn in the ecosystem gCIll'rates spatial 

heterogeneity in which phcnomcna are distrihuted ndthct cVl'nly nOt randomly. In 

addition interactions among controlling factors and rorl'st Ilonr vat tahles gcncratl's 

complexity in the system with the rcsults that variables are typieally inter-l'ondatcd 

(Norris 1970) and vary more or less in concert (Wehster 1977). The statistical lllelhOlb 

appropriate to the study of environmentaI contmls on fmest rtoor properties must hl' 

capable of addressing both the complcxity and the hetcrogeneity 01 the ccosystclll. 

Univariate statistical designs may hardly deal with intctcorrclalcd and hetcrogencou:-. data 

and therefore may fail to adequately extract clear information about how these 1I1teracllllg 

processes influence forest floor characteristics. 

Multivariate analytical methods have bccn developed to addre:-.s the problclll~ 01 

complex data where dependent variables are known to he inten.:onclatcd (James and 

McCullough 1990; Nonis 1970). The general objectIve or mu1tivanate stali..,ties is to hUlld 

statistical models that will represent or explained the main source or vanatlon 111 an 

ensemble of many variables rather th an as single varIables cxammcd indlvidually 

A group of multivariate mcthods called gradicm analysls have heen used with 

ecological data (ter Braak and Prenticc 1988; ter Blaak 1~87c). In gradient analy~I~, the 

main source of variation in the multivariate response data is exprc~~ed hy Independellt 

linear axes that can be displayed in ordination graphs GradIent analysls can he dlvidcd 

in indirect gradient analysis, where the objective is to meu~lIre the intfll1:-'lc variation in 

the response data, and direct gradient analysis, wherc the goal is lo measure the variation 

in the response data caused by specifie cxplanatory variables (ter Braak and Prcnticc 

1988; ter Braak 1987c) . 

7 



• 

• 

• 

Principal component analysis (PCA) is a weIl known example of indirect gradient 

analysis which has hccn used with soil data (Norris 1970). PCA has been used to identify 

the principal ~ourcc of variation in soil data in order to in[er potential controlling 

proce~~es or treatment effccts (Dinel et al. 1991), and has also been used to classify or 

group soi1 or rorest 1100r units on the basis of certam variables of interest (Fyles et al. 

1991; Muy~ and Lust 1992; Seehg et al. 1991). Sorne studies have conducted multiple 

regrcssion of cach PCA ordinati0n axis on a chosen set of explanatory variabl~s to 

dctcrmine the variation in the soil data that could be explained by those variables (Odeh 

et al. 1991; Ross i't al. 1975). 

To measure the effeet of specific controlling factors on forest 1100r propclties, 

howcvcr, direct gradlcnt analysis may be more appropriate sin ce the axes are constrained 

ta be linear cornhination of the explanatory variables (ter Braak 1987c). CanonicaI 

con·cspondcncc analysis (CCA)(ter Braak 1986) and Rcdundancy analysis (RDA) (van den 

Wollcnherg 1977) are examples of such techniques which are used when the response 

along the environrncntal gradient is expected ta be unimodal and monotonie, respectively. 

Odeh et al. (1991) were the first to test these methods on sail data. One of their 

conclusions was that the assumption o[ the linear response of the sail data in RDA was 

more adcquate then the more gencral unimodal-gaussian rcsponse assumed in CCA. CCA 

was dcvcloped (ter Braak. 1986) ta include the concept of an optimum position of species 

along el1vironrncntal gradients, but this concept seems more difficult to apply to soil data 

(Odeh et al. 1991). 

RDA IS a eomhinatlOn of multiple regression and ordination (ter Braak and Prentice 

1988; tcr Braak 1987c) and can be thought of as a PCA on the estimates of each soil 

variahle obtaincd by multiple regression on environmentaI variables (van den Wollenberg 

1977; Legendre 1993). Each canonical axes then reprcsents a fraction of the variation 

cxplaincd by specifie environmcntal variables. The sum of the variation explained by aIl 

of thcsc 'constrained' axes is thus equal to the total variation explained by the explanatory 

variarles. RDA was proposed by van den Wollenberg (1977) as an alternative to a 

mcthod namcd Canonical con-elation (COR) which had been used a few limes for soil 
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study (Norris 1970; Webster 1977). COR airned at maxirni/ing the ~orrdatlOn hetw~l'n 

the linear function of two sets of variahles (Wehster 1(77). Il gives. howevl.'r, no 

information about the variation of one set explained hy the othl'r ~l't (van den Wolknhcrg 

1977). Other inconvenienccs, such as the high scnsitivity or COR tn lllultll'ollinemity 

between variahlcs, have demonstratcd that RDA may hl' more appropllall' for llll' analysls 

of ecological data (ter Braak 1987c). 

Although RDA has not becn prcviOllSly apphed 10 foresl llom data. Il addressl's 

the problem of the complexity and intcrcorrelation of thc variahk~ and cOllscquently may 

be a useful technique for studying relationships betwel'n forl'~t nom rcrtility and 

environmental factors. Odeh et al. (1991) werc able to relate phy~ical properlies or soits 

to landfOlm using this technique. Theil" study demonstralcd thc impnrlancc 01 appmpl iall' 

data transfOlmation in using lhis rnethod. The applicahility or thc procedurc to rorest Iloor 

data remains to be deterrnined. 

The other problern encountered in work1l1g with rorest ccosystcms, Illl.'nllOlJcd 

above, is the heterogeneity of the stlldied phenomenon. Legendre (1991), Legendre and 

Fortin (1989) and Dutilleul and Legendre (1993) havc indicatcd that mosl ecologlcal data 

is heterogeneous and spatially stmcturcd. Many studies demonslratcd the impm tance 01 

spatial heterogeneity in forest ecosysterns (Wyant et (//. 1991; Whitney 1991; Collill~ and 

Khlal' 1991; Cox and Larson 1993; Frelich et al. 1993; McClure and Lee 19(3). III the 

case of forest floors, most of thc controlling factors arc thcrn1-.elves spatwlly 1-.lructUlcd 

and consequently forest floor charactcristics are expected 10 show ~patjal dependl'm:y 

This could present difficulty in the analysis or the data for t wo reasons. Fit 1-.t, part 01 thc 

spatial structure may be caused by autocorrclation, meaning that the valuc 01 a vanahlc 

at a certain sampling station would be inOuenccd hy valuc1-. at surroundlllg ~amplt1lg 

stations (Legendre 1993). This non-independencc of the ohscrvations violates onc 01 the 

classical assumptions of the fitting of the multiple linear rcgl e~slon mode! (Steel and 

Torrie 1980; ter Braak 1987b) used in RDA. SecondJy, the cfrcct 01 a o.;pecilïc 

environ mental variable on forest floor charactcristlcs can he parLly confounded with the 

effects of other factors that can vary spatiaUy on the study site. In view of thc analylIcal 

risks inherent in the analysis of spatiall y structurcd data, Legendre (1993) and Legendre 
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and Fortin (1989) have stresscd the importance of assessing spatial patterns and functions 

a'i the firM ~tcp of ecologieal data analysis. Recent studies have C'onsidered tbe role of 

spatial hcterogeneity ln the analysis of ecological data (Dutilleul 1993; Dutmeul and 

Legendre 1993; Legendre 1993; Legendre and Fortm 1989; Kolasa and Piekett 1991). 

An adaptatIOn of the variation-partitioning method (Whittaker 198Lt) was fCi;;ently 

developed in community analysls to incorporate spatial structure (Borcard et al. 1992; 

Borcard and Legendre 1993). In the model of Borcard et al.(1992), thc flaction of the 

variatIOn In the response variable data that can bc 'cxplaincd' by a third order polynomial 

equatlOll of the geographicai coordinatcs of the microsltes on the site is used to deteet the 

spatial structure in the data set (cf. ter Braak 1987a). A RDA (or cCA), i:; computed for 

environmcntal variables and for significant terms of the polynomial equation Lü measure 

the relative contribution of cnvironmental and spatIal variables to the explained variation 

in the response variable data. Partial RDA (or CC A) where the ef[cct of lhc other group 

is removed as covariable is used to measure the confoundcd effcet of spatial structure and 

environmcntal factors. In the model of Borcard et al (1992) the variation in th~ data can 

de dividcd \11 four fractions; a) variation rclated to cnvironmental variahles, b) variation 

related to a confounded effect of spatial structure and environmcntal variables, ç) vatiation 

related to spatial structure alonc , and d) unexplained variation. This approach was 

developped for ccological eommunitics but to my knowlcdgc, it has not Decn yet applied 

to soil or forcst floor data. Sincc this model addresscs both the complcxity and the 

heterogencity mherent in l'orest soils, it ha..<; the potential to gencratc information that will 

provide insight into the relationship between forest floor charactcIistics and the 

environ mental factors. 

The objective of this study was thus to test the applicability of RDA, and 

specifically the variation partilioning model of Borcard et al (1992), to forest Ooor data. 

The chosen environmental variables are tree species influence and microtopography. This 

choice is hased on many studies that have demonstrated the e[fcet of diffcrent trcc species 

(eg.Fylcs and McGilI 1988; Boettcher and Kalisz 1990; Boemer and Koslowsky 1989; 

Fried t't al. 1990) and microtopography (Beatty 1984; Beatty and Stone 1988; Sauvesty 
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et al. 1993) on ~:oil and forest no or charactctistics. The ~cale of the study was the 

microsite, memüng that \:ach forest 110m sample was colkctcd l'mm a an:a of 05 III 

diameter. Since mllny studies haw lkmonstIatcd lhe stlOng IdatlOllSlllp 11l'tWl'CIl :-.c.\k and 

soil variabihty (Beckett and W ch:-.tcr 1971; Burrou ~h 198-': W cbsll'I and Cualanll 1975: 

Riha et al. 1986; Grigal et (Il. 1991; Blyth and Macleod 19n\), Il will he IllllhHtanl 10 

consider seale Hl intcrpreling the ditTclcnt 1racllons ohtaincd 111 tlle vanatllHl-partllil)(1l11g 

mode! of Borcard et al (1992). Assessment of the lllodd a~:-,u1llpt(()ns IIlvnlVL'd sl'wral 

issues, and is discL1ssed in tenns of: 1) a \I1llial study of the spallal :-.11 uctUIl' pll':-'Cllt in 

the OIiginal data; 2) appropnatc data transfOt'lnatlOl1 of the lmest llom data: J) selectIon 

of the spatial polynomial equalion; 4) verilïcation or the amollllt 01 spatial :-.truetlll\' 

remaining after rcmoving trends with the polynomial equation: and 5) partitllllllllg of the 

variation in soil dala with RDA and partial RDA and ccologll:al 1l1terpIl'tation of the 

fractions obtained . 

MA TERIALS AND METHOOS 

Site description. 

The study was conducted in the Morgan Arboretum near Montréal, ()uéhec, Canada 

(45°25'N, 73°57'W). The study site was locatcd in a 20 ()OO m7 l1llxcd fore~t stand 

dominated by bec4;h, hemlock and red maple. The stand is approxllnaU vcl y 1 ()() year~ old. 

The limits of the study site were determined with the hclp of a pcdo)ogu;a) map of the 

Morgan Arborett:lm to avoid major differenccs in parent matel Jal. The :-.oils have ail 

developcd on a fluvial sand dcposit and are clas~ified as Fcrro-hlilnIC podl.Ols. 

Approximativcly 75 % of the study site area is located on Ste-SophIe ~oll scne~ whde the 

rest, located in the more elevated part of the site, IS on Upland~ ~{)J1-. ..,ene~. The 

differences bctween the two series is mainly rclated to thlekness 01 the (kp()~it and the 

border between them is not clt~arly defined at the seale the stlldy wa~ conuucteu. The 

humus type is Mor. The general topography was a gentle slope 01 2" to the south, the 
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mI<;rotopography Ü, moderately mounded and the drainage is good to modcrate. The site 

had hccn managed a~ a farm woodlot unti11945 hut management practiccs since that time 

have bcen limlled to the removal of dead trees. 

Field sampling. 

Elghty mÏcrosites wcre locatcd on the study site usmg a 15 m grid. The 

geographlcaJ coordinates x and y and the relative altitude z of each microsite were 

delcrmJl1cd in mctcrs. The altitude was dctennined by mcasuring the difference in 

clcvation hetwecn ncighbouring microsites with the help of a clinomcter and a 3 meter 

ru 1er. The value of z for cadl microsite was expressed jn meters relative to the lowest 

microsite. wInch was given the value zero. Forest 1100r was sampled at each microsite by 

clluing around a plastic core of 82 mm dtameter. Threc forest fIoor cores samplcd in an 

area of O.~ m2 wcrc composilcd for each microsite. The area of sampling for each 

micrositc was choscn to aVOId cxtremc conditions of microtopography such as distinct 

mounds dcvelopcd [rom rcccntly rallen trecs. Thickness of the fOlcst floor was measured 

at cach microsite and uscd as one or the thirtecn fOïCSt Door van ables in the lest of the 

analysis. The sampling took place betwccn August 28 and Scptember 12 1992. Forest 

Ooor samples werc fro.lcn within 3 hours after collection. 

Forest floor analyses. 

Analyses on sll!ved forest floor. 

Forest 1100r was thawcd, air dIied, sieved with a 6.3 mm mesh to remove coarse 

fragments. and weighcd. Bulk density was expressed in mg/cm3 of forest fIoor. The 

[olIowmg analyses wcrc pcrformcd on the sieved forcst floor: pH (10:1, H20:forest floor), 

extraclahle K. Ca, and Mg with the BaCl2 extraction mcthod (Hendershot and Duquette 

1986). mineralizablc N and basal microbial respiration (C02). 
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Minemlizab/e N al/d basa! mÎcrohial rl'sp/lafÎon . 

The minerahzable N (NH/, N(\-) 111 fores 1 nnnr wu:-' Illl'asured l1:-'lIlg an ,ll'wlHr 

incubation lechnique (adapled l'wm Fy1cs et al. \ 99()). Fi\'l.~ gl ams of sll'\'cll rl)( l':-.I 1 Il llll 

was brought to a mOlsture conIe nt l'quaI to 20 kPa and Illcuball'd ul'mhll"all~ \Il ,0 ml 

plastic jars at 28°C for 14 days. The uVallahk N \Vas Ihcll l'"lral:lcd wlth 1 N KCI and 

detennine wlth a Lachat l1ow-mjection aUloanaly~cr. SincL' llll' ~all1phng wa~ dlllll' over 

a penod of two wccks, il was necess.uy to rCI1111VL' Ihl' avallahk N Ihat \Va:-. 1IIIIIally 

present in the forest Ooor at lhe t!llle 01 the sampling. i\ KCI l'\l1arlHlIl \Va:-- 11L'iioIIIIl'd 

on subsamples of rorcst t100r to mcasUlc the amounllli av'lllable N ulIllally pll':--enl 'l'hl' 

amount of N that was mincralil.Cd during the IIll'UbatHlIl 1:-- thus l'quai to thl' avallahk N 

measured in the first KCI extIaction mlllus the avatlahle N ah~'llly pl~'>l'1l1 11\ tlll' IOll':--t 

floor and measurcd in the second exlraclHHl. Plal'tll:ally ail ( >9X (!r,) 01 11ll' N Ihal \Vas 

mineralized was in the t'orm of NIl ,t
, This lahoratory llll'aSlIll' of 111 1Ill'1alllahk' N 1:-­

interprctcd as an indicatIOn or the inhelent quahty 01 (h~ oigalllc matter lalhrr than a,> ail 

estimatc or mineralization 111 the field . 

The microbial basal respiration (C02) wa:-- mca:--lIred on the IIlclIhalcd ,>ampk:-- u'>l'd 

for mineralil.ahle N. After 10 days or 1I1cllhallon the plastic 1'11:-' weil' ~l'all'd lOI lour 

hours and CO:! accumulated in the head~pacc gas dctcrmllleu hy ga:-. Chrolllillogi aphy The 

basal miclobial respiration was computed and expre~:-.eu 111 tcrm:-. of pg 01 CO, prodllcl'u 

per gram or air dried soil pel' bour (pg/g/h). 

Analyses on grol/nd forest j/oOl. 

Subsamples of forest floor were glOund and uige:-.ted with ",SO.I and "p, hl~e 
Parkinson and Allen 1975) prior 10 analysis l'or N and P hy autoallaly.,>cl and K, Ca, Mg 

by atomic ahsorption spectrophotometry. The a:--h content wa:-. uClermined alter Igllllioll 

for 2 !tours al 55(fC. 

Regression of forest floor Val iahles 011 ash content. 

Personal observations and the rcsuIts obtained for a~h content suggcsted that the 

presence of mineraI soil in the forcst floor samplcs may have bccn rc~pon~lhlc 101" the 
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variation in ash content. Since there is a possibilty that the amount of sand may be related 

to the samphng procedure, ralher then to sorne forest floor properties, 1 decided lo remove 

ils effecl on the 13 fOrel>l 1100r variables chosen for this experiment. The residuals of the 

regrc~sion of each l' 01 est floor variable on ash content were computed and used in the rest 

of th~ study. The ash content values used in the previous rcgression wcrc themselves the 

residuah qf li regression of the initial ash content on the gcographical coordinatcs x, y and 

z of the microsIic'l, In order to remove the fractIOn of the variation in ash content that was 

spatially strm.:tured. 

Environmenlal variables. 

TrtJe species influence index. 

Trec species influence was expressed as a function of the size and the distance of 

indivldual trœs l'rom mlcrosite. The index of trce inlluence used in this study was 

developcd l'rom the procedure normally used in the computation of hasal area (c.f. 

Gro~enhaugh 1952). 

ln cfl cel, when computing the basal area of a particular species on a site, a fixed 

hasal area factor is chosen. The basal area factor can be expressed as follow, 

B.A.F = 10 0001 (2 * distance! diameteri 

Wherc the B.A.F is rclated to the tree diameter and distance from the center of the 

site 01 micro~ite. The value of 10 non is used in order to express the B.A.F. in m2/ha. The 

usuai procedure is to fix a certain B.A.F and to count only the trces that have an equal 

or a largl':r mdlvidual B.A.F .. The numbcr of trecs that mect that condition is multiplied 

by the lixed B.A.F to get a ba'ial arca cxpressed in m2/ha. In the field, the fixed B.A.F 

can he cxpresscd as an angle projection [rom the center of the site to the tree. If the tree 

is widcr than this projectcd angle il can be tallied as ils B.A.F is equal or larger than the 

fixed B.A.F .. 
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The method used in this study to calculatc trc~ specics inllllcm:c ean h~ seen as 

the reverse of the basal area method desclihed ahove. ln d'tcet, instead of counting the 

trees that are tallied at a fixed B.A.F .• 1 computed the indlvidual B.A.F. of l'VL'IY tn.'l' 

surrounding each microsite. This approach was used heeause the mIlUl'ncl' of largl' trl'l'S 

close to the rnicrosite would have bcen undcrestirnatcd \Vith tlll' usual basal arl'a mcthnd 

The measurcrncnt of trees wa~ not limitcd to a specifie an:a around cach miclOsitc hut 

rather by a visual approximatlon of the distancc/dhh ratio of cal'h lice \Il' the B Â. F. of 

larger trees was computed over a grcatcr distance). The inlltlcncl' 01 a SIWl'll'S on a 

microsite is thus the summation of the B.A.F. of cach individual trcc j. Since the B.Â.F 

can be seen as a ratio, the geornctric mean was consldercd more applOpriatl' than the 

arithmetic mean (Steel and Tonie 1980), rneaning that the index I k of thl~ inlluence or li 
particular tree species k on a micrositc was computed as follow: 

n 

lk =:E ln [(B.A.F.U 
}=l 

An index of influence was thereforc computed at cach 11l1crosite loI' the following 

tree species; castern hernlock (Tsuga canadensi,\ (L.) Carr.), Amcrican hcech (Pagus 

grandifoUa Ehrh.), red maple (Acer ruhrum L.), ~triped maple (Au,. fJl'fl.\yIVlIl/iclilII 1..), 

red oak (Quercus rubra L.), paper blrch (Benda papytifem Mar~h.), yellow hin.:h (B(Jltlfa 

alleghaniensis Britton). The influence of uncomrnon tree specle~ wele t:omhmed undcr 

the variable 'OTHERS' and included spccies lilc sugar maple (Acl'r s(Ju.harum Mar~h.) 

and amelanchier (Amelanchier sp. Med.). 

Microtopography. 

Three microtopographical variables wcrc determmcd al cat:h micro~ilC. Wilh cach 

microsite described as being cither a mOllnd, a dcprcssioll or flat. For cxample, the 

variable MOUND is cqual to one wh en the micrositc is localed on a mound, and l.cru 

when it is a depression or a flat. The variable FLAT WiL<; removed hccau~ of the 
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multicollinearity bctwccn thcsc thrcc variablcs. A flat microsite is thus, a site that had a 

zero value for both MOU ND and DEPRESSION variables. The third microtopographical 

variahle (SLOPE) was the greatest slope dctermined in an arca of about half a meter 

radiu~ l'rom the center of each micrositc. 

Statistical procedures. 

Univariate and multivariate correlograms used in the study of spatial structure were 

computed with the 'R' package (Legendre and Vaudar 1991). Multiple regressions used 

for data transformation wcre computed with SAS (1986). The forward selection of the 

spatial polynomial tcrms, the Redundancy Analysis (RDA) and partial RDA's were 

compulcd with CANOCO (1er Braak 1987-1992). 

RESULTS AND DISCUSSION 

Spatial structure in original data set. 

Single variables. 

As a preliminary study to detect and de scribe spatial structure in original data, 

spatial uutocolTclaLÏon was dctcrmined for single variables of both forest floor and 

environmcntal data. Autocon-elation is the property of a random variable to take values 

that arc posi'ivcly or ncgatively correlatcd at certain distance classes of observations 

(micrositcs) (Legendre 1993; Legendre and Fortin 1989). To determine the distance 

classes, a matrix is huild by computing the euclidian distances (based on geographical 

coordinates) betwccn each pair of microsites. These distances are then di vided into a 

dlOsen number of classes for which a coefficient of autoconelation is computed. The two 

principal cocfiicicnts ust!d Lo compute autocorrelation are Moran's 1 and Geary's c. Both 
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coefficients were used to measure autocOlTclation III our data set. Sinù' Ihe gl'neral 

conclusions reached with both coefficients wcre similar, nnly the rcsults ohtaincd with 

Moran's J will be discusscd. Moran's 1 is computed hy the following formula: 

The coefficient is computed for cach distance c1ass 'li'. The l''S arc Ihl' values of 

the chosen variable. The summations are for i and.i varying l'rom 1 ln Il, whcrc 1/ is the 

number of micrositcs. except whcn i = j. The value of 11'1) IS 1 when Lhe pail U,j) hl'lnngs 

to the distance class 'd' for which the coeffIcIent is computed and () 1'01 ail the ntllCr 

pairs. W is thc number of pairs taken into accollnt when computing Ihe codlïril'nt lor the 

given distance class. Positive values of Moran's 1 correspond to pllsilive autocorrdalton, 

negative values correspond to negative autocOlmlalton and Lhl' value nI' /CIO IS l'xpcctcd 

in the absence of autocolTelation. 

No statistical tests were compllted on the cOlTclaLion coellicicnts calculalcd aLcach 

distance class bec alise the assumption of weak-,.;tationariLy was nol meL (Legendre 1l)9~; 

Dutillcul and Legendre 1993). This has no consequence at thi~ stage, howl'ver, hecausc 

:'l!y interest is focused on the general shape of the correloglam (d.Legendle IlJ93 and the 

dislllssion on trends and autocorrelation prcsenled hc1ow). 

The shape of the clIrve of cOIl'clogram, in which 1 vallle~ are plOLLCd again~l 

distance classes, was used as an indIcation of the gcnetal pattern or :.lutOCllI relation 01 

each variable over the site. The horizol'lal and vertical comp()l1cnt~ or the ~rallal location 

of microsites were treated scparalcly as 1 cOllld 110t a~sllme that the ~Olllœ or vUllutioll 

along the vertical axis was of similal nature 10 LhaL actmg in the Lwo hOiI/.onlal axes. 

C()n~equently, lwo graphs wcrc plOllCd for each vanahle, the lïr~t ha~ed on the .{ and y 

geographical coordinales, and the second hased on z coordinalcs Additional IIlfnrmalion 

on the interpretation of correlograms using Moran' s 1 and Geary' s c I~ gi ven hy Legendre 

and Fortin (1989) and Dutilleul and Legendre (1993), re~pcctively . 

17 



• 

• 

• 

Horizontal structure in environmental variables. 

Spatial structure in the horimntal dimension was observed for most environmental 

variahle~. Figure 1 shows the corrclograms of four of the scven trce species considered 

in the study. The red oak correlogram, in which there is a graduaI change in 

autocorrclation l'rom positive autocorrelation at small distance classes to negative 

correlation at greater distance clas~es, is typical of a gradient (Fig. la). The spatial pattern 

of red oak innuence is thus either following a gradient or a sharp step between two 

di~linct palches. Beech, hemlock and striped maple cOlTelograms are more typical of a 

single patch 1>patial pattern (fig. 1 b, 1 c and 1 d). Despite slight dtfferences, the three curves 

show a similar patLern where therc is positive autocorrelation at small distance classes, 

negative aUlocorre1ation around classes 8, 9, 10 and positive correlation at greater 

distances classes. This suggests the presence of an area of different tree association near 

the œn tn' 01 the study site. The similarity of these three curves may indkate that there 

i~ SOuÏc underlying spatially structured factor that influences tree species distribution 

wiLhin the study arca or that ccological dynamics implicated in forest patch formation and 

trce species association or exclusion is involved (Frelich et al. 1993). The three 

microtopographical variables did not show clear spatial patterns in the horizontal 

dimension. 

Vertical structure in environmentol variables. 

Most environmental variables showed spatial stl1lcture in relation to the relative 

altitude of the microsites. The bccch correlogram (Fig. 2a) shows a pattern where beech 

influence is positively autocorrclated on microsites of the same height and negatively 

correlatcd on sites with the farthest difference in altitude. Striped maplc con-elogram (Fig. 

2b) displays a similar paUel1l until class Il but is positivcly autocorrelated on microsites 

that dirrcr the most in altitude. The gr'lcral topography cf the study site, however, shows 

a genüe slope going from one end of the site to thc other, indicating that the relative 

altitude of each microsite is it'ielf spatially structured along the horizontal corn pOilent. The 

spatial structure obscrved in the vertical and horizontal cornponent of Figures 1 and 2 are 
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thus partly confounded, meaning that it may be better cxprcsscd as a fllm:tion of thc tluCl' 

geographical coordinates. 

Horiz.ontal strucftl1e in forest j100r variables 

AlI forest floor variables cxccpt NHt+ showcd somc spatial pallcl11 in tJlcir 

dist.ribution over the site. AIl demol1strate the presence or patehes hut wllh dirrl'l~nccs 

between them. The different shapes of correlogralll curvcs ohservcd l'an he sUl1lmari/,ed 

by the four examples used in Figure 3. Extractahlc potassium (Fig. la) has a spatial 

structure relatively similar to Figures lb,lc, and Id, suggestlllg that it i~ l'ither parlly 

responding to beech, hemlock and striped maple or that Il is mlluenœd hy a l'011l1110n 

underlying factor. We can thus predict that the effect of some trel.' 'Ipecics on cxtlactahle 

potassium will be partly confounded with spatial stl11clure. The ~ame applic~ tll Ilitrogen 

(Fig. 3b) which is the most spatially structured of ail the fOiest 1100r val iahk~~. Thl~ ~patial 

pattern of nitrogen (phosphorus has a similar shape) does not however lit the tlce specll~s 

curve as weB, suggesting the presence of spatial structure unrclated lo lhl' ellvlronmental 

variables chosen. Figures 3c and 3d show other type of patchiness IOllml 111 the 1"('1 est 

floor data. Calcium (extractable calcium has a slInilar shape) cxhihited the Ica~t spatial 

structure of t.he displayed variables (Fig. 3d). 

Vertical structure of forest floor variabLes. 

The conelograms in Fig. 4 iIlustrate that spatial structurc was Ilot as evidcl1l in 

forest floor data than in environmental variables. As for the ellvironmcntal variahlcs, the 

spatial structure of the vertical component is confounded wilh the horil.Olltal component. 

In general it is clear that my data was spatially struclured, ~lIlœ pallerns were 

observed in both cnvironmental and forest floor variahle~. Although the shape and the 

strength of spatial structure varicd belwccn variabl(;.~, thele wa~ a dominatmg patlell1 

suggesting a patch present somewhere in the centre of the site (c1a~~es 7, H, 9, 10). This 

pattern was observed in both forest floor and environmental corrclogram~, indicating that 
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sorne conl"ounded cffect of spatial structure and environment rnay be encountered in the 

further analysls of the data. 

The cau~es of the spatIal structure in the data can he of two types, trends (true 

gradient) or 'real' autocorrelation (false gradient) (Legendre 1993; Dutilleul and Legendre 

1991). In lrclld~, the value of a variable at a mierosite is a function of its geographical 

position on the site. This means that the conelation betwecn the values of a variable at 

certain di~tancc clas~e~ is caused by a controlling ractor that is spatially structured on the 

site. Trelld~ can he related to large seale patterns occurring over the site and are 

potentially lemoved or captured by trend surface analysis (BulTough 1987). Technically. 

the observ.llions (micrositcs) arc still considercd independcnt sincc the en·or tcrms arc not 

corrclated (Legendre 1993). One consequence of trends is that the assurnption of weak­

stationanty ncccssary to compute statlstical tests on con·elograms is not met since the 

mean and the variation of variables vary with the geographical position of the microsites 

(Legendre 1993; Dutilleul and Legendre 1993). 

In • rl'al' autocorrelation the value of a variable at a microsite is a function of the 

values of that variable al neighboming microsites (Legendre 1993; Legendre and Fortin 

1989). ConcICtely, this means that forest floor and environmental variables at one 

microsite inlluence the vari<lbles of sUlTounding microsites. Sorne of the autocon'elation 

in the environ mental variahles could be caused by inhercnt biological qualities of the 

diffcrent trcc species involved in corn munit y structUling (cg. seed dispersion, competition) 

(Frclieh et al. 1993; McClure and Lee 1993), For example, the presence of beech at one 

microsite will have an influence on becch and other species' presence or absence at 

surrollnding microsites. Positive autocorrelation in the smaU distance classes of Fig. 1 

wcre ccrlainly intlllenced by the fact that certain trccs werc large enough and located ina 

way 10 intluence more than one microsite at a time. The causes of 'real' autocorrelation 

in forcst noor data arc more diftïcult to idcntify becausc it is unlikcly that a forest fioor 

variable at one rnicrosite could influence variables of another rnicrosite at least 15 m 

away. We can suppose that it is mostly a consequence of the autocol1"clation in controlling 

factors. One consequence of autocOll"elation is that the error terms between neighbouring 
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microsites are correlated, meaning a non-indepcndence of uhscrvatilHls that l'lm affect the 

interpretation of the RDA (Legendre 1993). 

The spatial structure detccted in Fig 1 to 4 is prnhably a combinatilln of tlends and 

'real' autocorrelation. The analysis of the rcsiduals ohtaincd al'tcr usillg a tH.'11l1 sUl·raCl' 

analysis (see below) was used to gain furthcr insight into thc type of spatial structure 

present in the data. 

Multivariate data. 

Sokal (1986, cited by Legendre and FOltin 1989) and Odcn and Sokal (1986) have 

developed a method to computc con"Clograms on multivarialc data using two distancc or 

similarity matrices. Sincc my data is mullivariatc, 1 decidcd l() l'llmpknwnl 11ll' 

investigation of initial spatial stlllcture with this approach and evalllatl~ the type of 

information il can gcnerate. Two distance matrices wcrc computcd, one rOI the 

environmental data and the other for the x and V geoglaphical coordlllates data. The 

euclidian distances based on geographical coordinates and compuled 1'01 l'ach pair of 

micrositcs were divided in tcn distancc classes (d). For each of these di~lal1cl' cla~~cs (li). 

a binai)' matrix was constmcted where the pairs of ohservations COI w:-.pondlng to lhal 

class d wcrc given the value 1 and aIl the other the value (J. A mantc\ MaLlMÎC (!) (Mantc\ 

1967 cited by Legendre and Fortin 1989) was compu1ed hetwccn the envllollmental 

distance matrix and each of the binary matrix corresponding 10 the differcnt dl~tanœ 

classes. The results ar~ displaycd in a Mantel corrclogram. ThIS procedure wa~ rl..~peated 

for standardizcd environmcntal data and for both raw and standardi/,ed f()re~t Iloor data 

(Fig. 5 and 6). In Figures 5 and 6, a negativc r means that micro~llcs clo~c to one anothcr 

in spaee (small gcographical distances) are more ~imilar (~mall envllonmenlal lhslanccs) 

then microsites far apart (high geographical distancc~), on the hasis 01 the same set of 

environmental distances. Positive r means that microsites far aparl geographically are also 

far apart environmental1y in the spacc of the corresponding di~lancc~. Wilh thls in mind, 

negative r values may be interpreted as positive multivariatc autocorrelation, while the 
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positive r values arc translating negative multivariate autocorrelation. Except for figure 

6a, the ovcrall shape of these correlograms suggests a gradient or a structure with steps. 

The positive autocorrelation lasts up to about the fourth distance class, meaning that the 

zone of muJtivariatc autoeorrelation ( the size at which forest ftoor or environmental 

associatIons remain similar) is approximatively 105 meters. Figures 5a and 6b show that 

negaLive multivariate autocorrclation increases at larger scale as intrinsic association 

pattern of the vatiables is becoming increasingly different with increasing gcographical 

distancc. The difference between untransformed and standardized correlograms is caused 

by the faet that variables with greater variance are more likely to influence the 

eorrelogram shape in untransformed data. In the environmental data, tree species influence 

is more spatlally structurcd than microtopography and has a greater influence on the shape 

of Figure 5a bccause of its greater variancc. By standardizing, the microtopographical 

variables, which arc not spatially struetured, contrihnte more to the shape of the curve and 

may cause the plateau in large distance class observed in Figure 5b. For forest floor 

variables, the units of measurement had an influence on relative variation and contribution 

to the shape of the correlograms. The absence of spatial structure in untransfOlmed data 

may be eaused by the faet that NH/, which was not spatially structured, had the greater 

variance in forest fIoor variables. 

In summary, Figures 5 and 6 demonstrated that the similarity bctween the 

association of variables at each microsites decreases with distance classes suggesting 

spatial patterns in the data set. 

Data transformation. 

Maximizing linearity. 

RDA is a combination of ordination and multiple regression (ter Braak and Prentice 

1988; ter Braak 1987c). Assumptions valid for multiple regression will thus apply to 

RDA; spccifically,indcpcndence of observation, normality of distribution, linearity of 

dcpcndent variable response (Steel and Torrie 1980; ter Braak 1987c). When working 

with only one dependent variable at the time, data transfolIDation is done so that the 
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variable can be best explained by the chosen slatistical modcl. cilher hy assuring a normal 

distribution or a linear response. In multivarialc data, where the diffeœnt response 

variables arc expected to respond in a similar way, a unique transformation applied on the 

ensemble of the data may be adequate. For example, in commlllll1y analysis. althollgh 

each species has a different position along the environment gradient, the shape of their 

response is somewhat similar (c.r ter Braak 1986). In soil and forest nom data. howl~ver, 

the type of response for each vUliable may vary greatly. Grigal eT al. (1991) have 

observed large variability in the shape of forest soil vanable response to an el1vironmcntal 

gradient. A general data transformation applied to :.ùl data may improve Iincarity for 

certain variables but decrease it for others. This would arhitrarily increase the l~xplained 

variation of certain variables at the expense of oiliers. Sinœ RDA lises estllnalcs of single 

response variables of multiple regrcssion on environmental vanahll's. Il was dcmkd 10 

proceed with individual variable data transformation. The ohjective WllS Ihus 10 m.lxllIli:te 

the linearity of the response of each forcst tloor variable to the envmmmenlai vanable hy 

choosing ilie transformation that wou Id give the highest coefficient of detennination . 

Each response variable (v) was thus submiued 10 the following transformation; eV. 

In(v) and (vt-l)lt where 't varies betwecn 0.1 and 5. The (vt-I)/'t transfOlmation has heen 

used by Box and Cox (1964, citcd by Legendre and Legendre IlJX4) to detcrmine 

transformation that maximizes the normality of the distribution (Legendre and I.e gendre, 

1984). Table 1 shows the transfonnation chosen for each variahles and Lhe coefficient of 

determination (R2
) for both transformed and untransformed data. Exccpt loI' the variahle 

CO2• the transformations had litde cffeet on lh~ increasc of the l:oef/ïcicnt of 

determination. There is, however, differenccs in the transformation chosen fOI each 

variable, indicating that a unique transformation applied to the wholc oata wou Id have 

given a lower coefficient of determination overa)). The chosen transformati()n~ shown in 

Table 1 were applied and the transformcd variablc~ used in the re~t of the analysls. 

Standardization. 

The forest floor variables were centred and standardized so that each variablc 

would have the same weight in their relative contribution to the overall variation in forcst 
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floor data (Noy-Meir et al. 1975). This procedure was necessary since variables were 

expresscd in unilli of measurement that are not comparable; for example pH scale vs 

mg/g or cm. 

The environrnental variables wcre also centred and standardized since tree species 

influence and microtopography were expresscd in different units. 

Canonical trend surface analysis. 

IndJvidual and rnultivariate eon'clograrns have shown sorne spatial structure in our 

data set (Fig. 1 to 6). The procedure used by Boreard et al (1992) to ineorporate spatial 

structure in the variation-partitioning model was followed. A polynomial cquation was 

buill uSlllg geographical coordinates of microsiLes. Sincc Figures 2 and 4 have shown the 

importance of the relative altitude of the microsite in spatial pattems observed, the z 

coordinatcs werc also included in the polynomial equation. The polynomial equation was 

bllilt 10 he of third order so as to deteet large scule structure on the site while keeping 

ccological mcaningflliness (BUlToUgh 1987). The terms of the polynomial equation werc 

submittcd to the fOlward selection of the explanatory variables using Canoco (ter Braak 

1987 -1992) in order to select only the tClms that contributed significantly to the explained 

variation in the forest Hoor data at the 0.1 levcl of significance. The significant terms 

chosen wcrc 

Autocorrelation of residuals. 

The ohjective of this step was to detetmine the amount of spatial structure 

rcmaining in forest noor data arter removing the spatial structure expressed by the 

polynomial cquation. Spatial autocorrelation was computed using Moran's 1 coefficient 

on the rcsiduals of the multiple regrcssion of each forest fioor variable on the terms of 

the polynomial cquation. 
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By rernoving sorne of the spatial trends pl\:scnt in thl: data, weak-slHtionarity of lhe 

forest tloor data can be assumed and thcrerorc statistical tl:slS can he cllmpulcd Illl cach 

correlogram:; (Legendre 1993; Dutilkul and Legcndlc 1(93). Sincc Sl'WI.II tl'st~ (15) arc 

done at thc same timc, Legendre and Fortin (l9R9) Il'com Il1cnd 1 hal LI Blin l'l'Will IL'~I hl' 

computed on the overall correlogram berme interprelll1g the ~t~lIi~tkal siglllikalll't' of 

individual distance classes. The Bonfcroni test is donc hy divldillg the dlOSCIl lcwl 01 

significance by the number of distancc classes (Ït'. O.05J1S = 0.0(1) FOI thl' owwll 

corrclogram to be significant, sorne of thc distance l'hisses Illust have a HUIOl'urrdatHlll 

cocfficient significant at the 0.003 levcl. In Figures 7 and g, allhough SOIlll' mdlvldual 

distance classes show significancc at the 0.05 levc\, none of the COI rc\ograms l'ontains any 

coefficient significant at the 0.003 level, meaIling that in gelleral, thc spatial polynomial 

equation has extracted the major source or spatial structure in the data and that the 

remaining spatial structure IS not considerable. 

It is possible that sorne of that remaining spatial sll'lIctlllc llIay IX' callsl'd hy 

undetccted trends lhat could potentIally be removed by lI!o.ing mOle 11'11Il,'; 111 the 

polynomial cquation, by, for cxample, using the smallest polynomial equallon tha! would 

inc1ude all the tenus chosen by 1'orward selection l'or cach rore~L 11001' vanahle Laken 

individually. On the other hand, the remaining spatial structure may abo hl' call~cd hy 

autocorrclation in the data. 

The fact that most spatial stmcture in forest nom data was capturcd hy the 

polynomial equation allowed me to procced with the partllionlllg or the variation with 

confidence in tel'ms of the assumptions of RDA. 

Partitioning the variation. 

The last step in this data analysis was to partition the variation JI1 thc forest Iloor 

data into the fractions of the model of Borcard et al. (1992). The ~um of ail cOl1stramed 

axes were computed for four RDA's and arc cqual to the vanation cxplaincd hy the 

explanatory variables in the forcst 0001' data. The RDA'~ wcrc computcd wllh CANOCO 

(ter Braak 1987-1992). The following rcsults werc obtamcd; 
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1) RDA of the forest noor data constrained by environmental variables. Variation 

explained= 15.5 % (p < 0.05). 

2) RDA of the forest noor data, constrained by terms of the polynomial equation. 

Variation explamed= 11.0 % (p < 0.05). 

1) RDA of the forest 1100r data constrained by environmental variables, but arter 

removing the cffect of the terms of the polynomial equation as covariable. 

Variation cxplaincd := 21.6 % (p < 0.(5). 

4) RDA of the forcst J'loor data constrained by the terms of the polynomial cquation, 

hut alter rcmoving the effect of environmental variables as covariable. 

Vanation cxplained= 17.1 % (p < 0.05). 

The variation cxplamed by environmental variables alone (fraction ' a') is thus 

equal to 21.6 % (step 3). The variation explained hy spatial structure alone (fraction 'c') 

is equal to 17.J %. FinaIly, the fraction ' b' which is the variation explained by a 

confounded cffect of both spatial stmcture and envilOnmcntal variables, is computed by 

using step (1) - stcp (3), or SlCp (2) - step (4): 13.9 %. The relative impOltance of the 

diffcrcnt fractions in cxpiaining vanation on [orest lloor data is shown in FIgure 9. 

Fraction' a' (21.6%) is the vmiation in forcst fIa or data explained artcl' removing 

the spatial structure explcsscd by the polynomial equation. The confounded effect of 

environmcnt and spacc is thus mosùy removed and it can be assumed that the valiation 

in thls fractIOn is primarily duc to the trec species inl1ucnce and the micff!tùpography 

dTect alonc. Effccts of diffcrcnt trce species on forcsl soil t'crtility have bCtl1 shawn by 

many studics (cg. Fyks and McGill 1988; Fyles and Côté 1993; Baettcher and Kalisz 

1990; Boemer and Koslowsky 1984; Xiao et a.'. 1991). Such an cffect arises thraugh the 

comhined int1ucnœ of stcmflow and throughfall quality (Parker 1983; Gersper and 

Holowaychuk 1971), huer quallty, (Côté and Fylcs 1993; ) and root activity (Berendse 

et al. 1989; Bowdcn et al. 1993) aIl of which may dilTcr bL'Nccn specics. Same of these 

studics have also dcmonstratcd that the tree spccies effect could be dctected at the 
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rnicrosite level at whieh this stndy was conductcd (Bocl11l'r and Kn~l~)\vsky Il)X4). Beatty 

(1984), Beatty and Stone (1988) and Sauwsty et al. tI9l)J) haw d~m~lI1~trall'd that r'WL'st 

soil collected in pHS and on mounds have dilt'l'l'cnt chmuctl'I IstIC~. 

Fraction' h' (13.9%) can hc Vlc\wd as thl' variaI ion npla1l1L'd clthl'l' hy sp.u ially 

structured environmental vanahlcs or hy undcrlying ~p.ltwl 1.lclt)(~ inlllll'Ill'ing both 

environmcntal vmiables and l'oresl tlnor propCI tks lIldcpclllkntly. ()Il Olll' Il.lIld, Il.ll.· \ hll1 

'b' could be causcd hy liec spœks mtluenœ and IllIClotOpogIaphy that .Ill' lInl'vl'nly 

distributcd on the site, followmg dlstrihution 01" palclltlll<lh.'ltaL di:-.lllIhalll..'l' \lI patll.·III~ 

in the general topography or ùramage condition 01 the site. On the Othl'I hal\(l. \hL'~l' 

controlling factors rnay influence tl'ec distIlbutlon , miC(()lopography alld \tll' rllll':-.t l'loO! 

charaeteristics independcntly making the causal e1Tl'ct hctwcl'l1 CIlVlI'llI1IlH.'l1tal vanahk:-. 

and forcsl 11001' properties imposslhle to veliry. 

Fraction 'c' (17.1 %) is desctibed as the vanaliolllL'latcd lu "paltal ."tIUl'lllll' .dOIll' 

It could he caused by unmcasul'ed contl'olling lactlH~ thal ha Vl' a :-.patlal .~llllL'tllll' 

exprcssed by the polynomial cquatton. DIIïcH:nt hYP()II1l'~is cali hl' gl'lIcrdll'd 10 ('xplall1 

this fraction. First, spattally slructured ahiotic ractol S slIch a~ pal L'Ill matl'I 1.11 .lIld (I! li i nage 

may have an cffcct on forest flour charactenstic~ that i~ IIldcpc I1dc Il 1 1 Il lm' .... pl'CIl':-. 

distribution. In effect, the study site l'epresents a small lange 01 ahlOlIc laL'hl\~ and mml 

tree spccies present are equally capahle orestahli~hlllg anywhclc '>Il lhat "Ill', ~lI~rl·"tlllg 

that trcc spccies distribution is not only determined hy the .... l' ahlotIc laltol:-' hllt ,1I~u hy 

biological proecsscs involved in patch I"ollnatlon (Flchch ('1 III. 1 <)() ~) 'l'Ill <, .... lIgt!l' .... \ <, thal 

the spatial struetmc of cnvironrnental vanahks and ahiotic laclol" will 110\ hl~ CO\llpkldy 

confounded and that sorne of the clTccts or thc~e ~pallally ~llllCllIIL'd, hUI 1I1l1lll' a,> U 1 cd, 

abiotic factors on forcst floo!' will he exlracted III 1 ractHl1I '(' Sl'C( )Ildly, III their 

il'terpretation of fraction 'c', BOIcard and Lcgendlc (1991) have c()I1 .... Hk·ll·d lhl~ IIIllC (II 

hi~ torical aspect of the studlCd sitc. It i~ p()~slhle thal natUial 01 llJall-\Il,Hk dl~lllrhallc(:s 

oecurring on specifie areus of the site have had an l'lIcct 011 Il)rl~"t 1 hlOI plOpCI tIc,> alld 

that il was extracted in the fraction 'c'. Birks (IYY1)~lle~"c~ the J'au thaL thc ,>pallul alollc 

fraction may be difficult to interpl'et and that hyp()the~e .... could he ven Ilcd laLer on 
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Fraction 'c' could be descrihed as a part of the ullexplained fraction that is spatially 

structured at the seale of the study. 

The unexplained fractIOn (47.4%) is the variation III the forest noor data that was 

cxplaincd nClthcr hy choM!n cnvironmental variahles nor by the tcrms of the polynomial 

equation. The ~i/,e of the unexplained fraction obtained in this experiment is comparable 

to results from Boreard et al. (1992) measured on dtfferent sets of ecological 

e()mmunitie~ IL is either rclated to large scale spatially structured factors that were not 

captured hy the polynomial equalton or by undetccted factors varying locally at the 

microslte Icvcl or at a smaller ~cale than the one ChOSl'll for this study. Scale has been 

recognil.ed to have an important elTect on the variation of soil properties since their 

spatial structure and response Lü environ mental variables ean vary with the seale of the 

study (BUll ough 1983). Patt of this unexplained fraction may thus be a consequence of 

the chosen ~cale of study. 

In ~lImmary, 52.6 % of the total variation in forest no or was cxplained by the 

yanallon partitionll1g model of Borcard et al. (1992). The model demonstrated the 

Importance of ~patial structure in the data set (31.0%). More than half of this spatial 

structure (17.1 %) was not related to the chosen environ mental variables, meaning there 

wele lInpOltant spattally structured factors that were not considcred in this study. The 

modc1 also allowed me to isolate the effecL'i of environmental variables of intercst from 

their confollnded ctTcCL<; with spatial structure, indicaùng that without the incorporation 

of the spatIal structure in the model the interpretation of the inl1uencc of tree species 

influence and microtopography on forest fioor fertihty could have been biased. 

CONCLUSION. 

The RDA-variation partitioning model (Borcard et al. 1992) was successful in 

addressing problems of complexity and spatial heterogeneity of our data. The spatial 

structure dClccted in the tirst step of the analysis was incorporated in the model and the 

cffect of a suite of cnvironmental variables on the suite of forest tloor properties taken 
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as a whole, was isolated. The study has thus demonstratcd the potential of RDA 

techniques for studying the influence of controlling factors on forest nool" propl'rties. 

This study exarnined only one data set and application of thls nwthod lo oll1l'r data 

set is therefore neccssary to tesl ils validily as a general melhod fm studying C~IlI~CS of 

forest floor variation in mixed forcsts. The ability of the trend surface analy~ls to captulc 

spatial structure in soil variables should be tested for other forcsl stands will'Il' spatIal 

patterns may be differcnt. The concepts of spatiallrcnds and aUhK'OIlclalion may h:n~.: h) 

be addressed in lcrms of thcir ecological rncaning for fores 1 nonl data. S1I1Cl' many soil 

studies have looked at the importance of spatial pattern and scalc illlllght he pos~lhk to 

find more approptiate techniqucs to incorporall' spatial funellons lhal would I11tcgralc 

different factors and proccsses involved in controlling foresl Iloor properlics . 
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Table 1. Transformation of the forest floor variables that maximizes the coefficient of 

dctcrmination (R2
) o[ tneir multiple regression on environmcntal variables. 

R2 (%) [or 

Best trans[ormed untransformed 

Variah1e(y) transformation variables variables 

N (yo 4_1 )/0.4 46.3 45.3 

p eV 28.4 27.9 

K eV 27.5 27.0 

Ca (y08_1)/0.8 52.5 52.4 

Mg CV 44.2 40.7 

extr.K ln(v) 28.3 27.9 

extr. Ca (vo 75-1)/0.75 52.5 52.3 

extr. Mg eV 29.9 29.7 

pH (v2-1)/2 30.8 30.6 

CO2 ln(v) 24.3 15.7 

NH4+ (y!.5-1)/1.5 28.7 28.1 

THICKNESS (y025_1)/0.25 36.6 35.0 

B ULK DENSITY (y05_1)/0.5 30.4 29.9 
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Figure 1. Moran's correlograms for the horizontal spatial structure of four envlronmental 

variables; red oak (la), American beech (lb), castcrn hemlock (le), and stripcd maple 

(Id) . 
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Figurc 2. Moran's correlograms for the spatial structurc in Ihe vertical component of two 

cllvironmcntal variables; ArnClican beech (2a), striped maple (2b) . 
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Figure 3. Moran's con-elograms for the horizontal spatial structure of four forest floor 

variables; ex trac table K (3a), total N (3b), extractable Mg (3c), and total Ca (3d). 
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Figure 4. Moran's correlograms for the spatial structure in the vertical componcnl of two 

forest floor variables; extractable K (4a), CO2 (4b) . 
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Figure 5. Mante!' s multivariatc cOl1"clograms l'or Ihe horil.Ontal spatIal ~11lJ(.:ttlrc of; the 

untransformed (5a) and standardi/'cd cnvironmental data (5h) . 
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Figure 6. Mantel's multivariate correlogram of the horizontal spatial structure l'or; the 

untl'ansformed (6a) and standardized forest fioor data (6b) . 
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Figure 7. Moran's correlograms for the horizontal spatial structurc of rcsiduals of 

multiple regression of four forcst floor variables on the terms of thc polynomial 

equation; a) extractable K, b) total N, c) extractahlc Mg, and d) total Ca. No 

autocorrelation coefficients wcre significallt at the Bonfcroni Icvd 01" 0.1»)3 . 
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Figure 8. Morall's correlogram [or the vertical spatial structure of residuals of 

multiple rcgression of two forest floor variables on the lerms of the polynomial 

cquation; a) extractable K and b) CO2• No autocorrclation coefficients were significant 

at the Bonfcroni level of 0.003. 
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CHAPTER TWO 

THE ROLE OF TREE SPECIES IN CONTROLLING FOREST 'FLOOR 

FERTILITY 
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INTRODUCTION 

Ear)y sludies in foresl eco)ogy rccognized the inLluencc of trees as one of the 

important factors controlling surface soil propel1ics in forest ecosystems (Alway et al. 

1933; LutL and Chandler 1946). The influence of trces on forest soil is part of a combined 

effcct of inlcracting controlling factors including parent material, topography, climate, 

dislurbancc, other bio)ogical activitics and time (from Jenny 1941). 

The nature of the trce influence on forest soil propertics is primarily determilled 

by a comblllaLÏon of threc different mechanisms. First, the interception, redistribution and 

altcraLion of precipitation by contact with the trunk:, the branches and the foliage can 

modify soil charactcristics at the base of the trce and under the canopy (Parker 1983). 

Gersper and Holowaychuk (1971) have demonstrated that the quality and quantity of 

stemflow dlHers bctwccn tree species. Secondly, there is a relationship between litter 

decomposition and nutrient rclease, and characteristics of the upper forcst soil (Melillo 

et al. 1989~ Boemer 1984a~ Tappeiner and Alm 1975; Johnston 1953). Many studies have 

observcd impOitant variation in HUer quality, decomposition rate (Ru stad and Cronan 

1988; White et al. 1988; McClaughclty et al. 1985; Berg et al. 1984; Aber and Melillo 

1982; Mclillo et al. 1982), and acid-base status (Côté and Fyles 1993) of diffcrent tree 

spccies, that potcntially affect forest son fertility. Thirdly, processes occun'ing at the 

rhizospherc lev el of trees may affect soil properties. Carlyle (1986) indicates that the 

turnover of flllc roots may rcsult in an organic mput of 2-5 Limes that of above ground 

littcrrall. Carlyle (1986) and Côté and Fyles (1993) also stress the importance of 

considcring the input or carbon and nuuients as a factor influencing forcst soil fertility. 

Bercndsc et al. (1989) suggest that root carbon cxudates may affect nutrient 

mincralization rates in the forcst Ooor, and that cxudation may differ between species. A 

rcccnt study has demonst.ratcd the relative importance of root activities in forest soUs 

(Bowdcn et al, ] 993). Few studies, however, have studied the mechanisms and processes 

taking place at the rhizosphere lcvel. In summary, the nature of the tree influence varies 
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among species, indieating that tree speci.cs ean haw diffcrcnt cffccts 011 th~ llvcrall 

nutrient status of forest stands. 

The impol1ance of thc cffect of a particular spœies on soil krtihty l:an he IIlfl'ITl'd 

from studies eomparing thc producLivity of pure v~rsus mixed stands. Makolm (1l)~7) 

observed that Sitka sprucc grcw better whcn associatcd with larch and that this IInplOving 

effeet was linked with highcr nitrogcn mineraltl.atiol1 tatcs in 1111xed l:ompan.'d 10 pUI\.' 

stands (Carlyle and Malcolm 1986). Biondi et lIl. (1992) have tkllHmstratcd thal 

ponderosa pine growth was less affectcd by intra-spccilïc l:Olllpl'lillOn wtlh 1I11'll'ascd 

presence of gambel oak in pine stands. Although this result can he aunhuh.'d 10 an 

inerease in pille spaeing causcd by the prescnce of gamhd oak. (BlondI et a/ 1(92) lhe 

positive effeet of gambel oak on soil nutricnt status (Lcfevlc and Klellllllcdsoll 19~O; 

Klemmedson 1987) i8 also to be considcrcd. Thcsc studlcs suggest that lhe PICSl'IKl' or 

certain species may havc an arneliorating or deteriorating cffect on the Ilutllcnt statlls of 

forest stands. They demonstratcd that understanding the role of lrce speclcs in contI 011 IIlg 

fertility may have practical apphcations with respect to maintaining or ImplllvlIlg soil 

fertility. 

Many studies have cxamined the speciflc clTee!.s of difrerent tree spccÎl's 011 dlOsen 

soil characteristics. Generally, thcsc studies have hecll conduclcd ellher aL the sJI1gle-tree 

level or at the forest stand level. Thc concept bchind single-lree sludy was developed hy 

Zinke (1962) and refers to the faet that cach individual trcc ha." a l,one or inlluence 

extending from the base of its trunk lo outside the canopy. This concept has hl~en lI~ed 

to demonstrate differenccs in soil properties undel the canopy 01" IIldlvldual lIce 01" 

different species (Boemer and Koslowsky 1989; Boettcher and Kali~1. 1990; Turner and 

Franz 1985; Mergen and Malcolm 1955) and to examine variahility in SOlI charaClel'lstlcs 

on t.ransects going from the base of the trunk to outsidc the canopy of dllfelCnt species 

(Pallant and Riha 1990; Lodhi 1977; Zinkc 1962). 

On the other hand, the studics donc at the sland level have compated soil 

properties beneath plots or stands dominatcd by a spccifie lree specles (Alban I<JX2; 

Alban et al. 1978; Lodhi and Ruess 1988; Fyles and McGiIl 19H8; KUlter~ and Dcnneman 

1987; Fried et al. 1990; Young 1981; Challinor 1968) or bcncath ~tands of dlffcrcnt 
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mixtures (Plymale et al. 1987; Perry et al. 1987; Klemmedson 1987; Lefevre and 

Klemmedson 1980; Carlyle and Malcolm 1986). In general, most of these studies were 

able to detect differenccs in certain forest soil valiables attributable to the effect of 

different trcc species. 

The different mcthods used to measure the inOuencc of trees on soil properties 

have generally worked with ; 1) models cxplaining the variation fOl each soil variable 

Laken indi vidually, and 2) forcst stands of rclativc1y low divcrsity. These two aspects must 

be explored In order to state the objective of this study. 

l'iISL, instead of examining them separately, soil variables can be considered as 

integlated clement') of a more complex system that IS commonly ICferred to as soil 

l'CI tility. In faet, soil variables have been shown to he intcrcorrclated (Norris 1970) and 

to vary mOle or less In conccl t (Webster 1977). Different approaches have been developed 

in order to consider the soil fcrtihty or nutrient status taken as a whole. For example, a 

bioassay. in which barlcy and trcc seedlings wcre grown on soils coming from stands of 

dil ferent tree mixtures, was used by Klemmcdson (199]) as a fertility mcasurcment. 

Anothcr approaeh is the use of multivatiate analysis which examine the variation in a 

group of variables Laken as who le. Multivanate methods assume that the soil variables 

respond to the same environmental gradients (ter Braak and Prentice 1988). Different 

multivariate methods have becn used with soil data (Odeh et al. 1991; Muys and Lust 

1992; Fylcs et al. 1991; Scclig et al. ]991; Dinel et al. 1991; Ross et al. 1975) but rarcly 

in the context of the potcntml cffcct of trec spcdcs (cJ. Gauch and Stone 1979). 

Secondly, in studics of trcc effccts on soil fcrtility done on stands of relatively low 

diversity (pure stands or mixtures of two species) il is casier to dctcct or infer the effect 

of a specifie tl'CC species. Similar studies working in more diverse stands (Pen'y et al. 

19X7; Plymale et al. 19X7) did not aim at isolating specifie tree species effects. There is, 

10 my knowlcdge, no study that has examined the relative effcet of dirrcrent tree species 

in divelse stands where many spccics co-eXlSt. 

The prcsenœ of many co-existing trce spccies generatcs more interactions between 

tlll~ diffcrent processes involvcd in structuring the community (see Frelich et al. 1993). 
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In addition, interactions between spatially stlucturcd ~nvilonl1ll'ntal l'\)(lstralllS and the 

differential response of trcc spccics incrcasc the levl'i nI' wmpkxlty in thl' '-.'l'nsysll'\ll hy 

generating spatial heterogcncity (Milne 1991; Cox and Larsu11 Il)l)':'; ('olim!. and Khlal 

1991; Whitney 1991). This spatial heterogencity. in whll'h tl\:l' S(K'I..'II'S an,' dl~lllhuted 

neither uniformly nor at random, makcs the trcl' spccies tntlUl'lIl'l' on Il)Jl'!.t sud Irtlthty 

difficult to isolate l'rom thc confoundcd d'fcct or other l'Olllllllllllg farllH s. 111 llllki 10 

isolate the rdative intlucncc of dtlTcrcnt trcc ~pccics on forC!-.1 sud rl'lul1ly. Ill\.' ~tall"IIL'al 

model must consider the spatial structure prescnt i Il the l'l'OSystClll (tl'gendre and l'ort III 

1989). Recent studies have addresscd the plOhlem 01 hClcl'ogl'IH:lly and !>patlal ~lllIl'tl1l'l' 

in ecological analysis (Dutilleul 1993; Dutillcul and LCgl'l1dll' 1 ()() t 1.l'gl'illIIl' t l)l) \; 

Legendre and Fortin 1989; Kolasa and Pickctt 1991; Bon':~lId ('1 al. 1(1)2, BllIl'illd and 

Legendrc 1993) and a rncthod was dcvctoped hy Borcard ('/ tif. ( 1l)()2) tll Illl'lll pllratc 

spatial structure into a modcl of variation parlIlÎoning hy lIsing trcnd slIlIal'l' "naly~'" (c r. 
ter Braak 1987a). 

The goal of thc present stuoy was to examine Irl'l' "'r)L'Cle~ mrtucm:L' 0/1 100l'~t 11001 

fertility by using an approach thaL can: 1) cOI1~idcr the variation in the 100l'~t IloDI' 

variahles takcn as whole; and 2) work with mlxcd 100l'~t ~tand~ compo~cd 01 llIany co 

existing trcc species. The mode\ of BorcUld et (II. (1 1)92), lIsing RL'dlllldancy Analy."'I~ 

(RDA), was choscn for iLS pOlentialto addrcss hoth Ihe IIlten,:olrl'lation or the 1()ll~~t nool 

variables and the spatial hClCrogcnclty or 111ixcd rorc~t sland~ (see ChaplL'1 1) ln Ihe 1 il ~I 

Chapter, l have used their mode! to scpUlalc the variation III tlll' rOll'~t Ilol)! III 10111 

fractions: fraction 'a' or variation rclated 10 cnvironmcntal vallahk~ (tlCl' ,pel'll~~ alld 

microtopography) alone; fraction 'h' or variation Iclatcd 10 a COIlIOlllldL'd dlL'ct III 

environmental variables and spallal sU'ucturc; rraction 'c' or var laUon Iclaled 10 '>pallal 

structure alonc; and fraction '0' or ullcxplained varialloll. The l11()dd proved clllClenl1ll 

extracting most of the spatial structure thal wa." dclcctcO in a prelilllll1ary ..,Iudy 01 the 

spatial patterns present in the Oliginal data set (Chapter one) Inthi.., ..,tlldy, the (,llIpha!>l~ 

was put on the fraction of the forest Iloor variation that i~ ex plaincd hy LI ee "'PCCIC) a lone 

The tree species ftaction wa~ thus isolatcd from thc ~patlal and mlcrotopographical 

components in order tü study its rclativl; importance in cxplatnmg vanalton in f()rc~l f100f 
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properties. A more complete look at the ecological relationships betwecn the specifie tree 

specie~ and the forest floor properties gave uscful infonnation about the role of trees in 

controlhng rorest 1100r fertility in mixed stands. 

MA TERIALS AND METHODS 

Please rcler to Chapter one for information on ; Site description, field sampling, forest 

Hoor analyses, environmental variables (tree species and microtopography), data 

transformation, canonical trend surface analysis, and statistical procedures. 

RESUL TS AND DISCUSSION 

The relative contribution of trees in the variation explained in forest floor data. 

The variation in forest floor data was partitioned into eight fractions, using a 

procedure similar Lo Borcard et al. (1992). The main differcnce in the method used in this 

study lies in the fact that the procedure used by Borcard et al (1992) only works with a 

comhination of thrcc matrices at a lime; two cxplanatory vaIiable matrices and one 

rcsponsc variahle maUlX. Because my analysis used four matrices (tree species influence, 

microtopography, terms of the spatial polynomial cquation and forest floor variables) the 

partitioning had to he donc by computing a series of combinations of three matrices. 

Consequently, twclve RDA's of forest tloor data were used to compute the different 

fractions. The sum of the variation explaincd by aIl canonical axes (or the sum of axis 

cigenvalucs) of the RDA is equal to the total variation explained by the chosen set of 

cxplanatmy variabk-s. Table L summarizcs the procedure and the results obtained. The 

cight fractions arc computed from rcsults of Table 1 as follows: 

Fraction 'al' (trce species effcct alone); RDA 4 = 16.0 %. 
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Fraction 'a2' (microtopography alone); RDA 5 = 4.9 (~ . 

Fraction' a3' (confounded effcct of tl'CC specics and micflllopography);( RDA 7 - RDA .q 

or [RDA 10 - RDA 5] = 0.7 % 

Fraction' hr (confounded effect of trcc spœics and spattal structurc); (RDA ~ - RDA ·t 1 

or [RDA 12 - RDA 6] = 12.9 %. 

Fraction 'h2' (confounded cffcct of microtopoglaphy and spallal stmetlltc); (RDA l) -

RDA 5] or [RDA 11 - RDA 6) = lA %. 

Fraction' h3' (confounded effect of trcc specics, microtopogt aphy and spatial ~tluctllll~); 

[RDA 1 -(RDA 7 + RDA 28 - RDA 4)1 or (RDA 2 - (RDA () + RDA 10 - RDA 5)1 

or [RDA 3 - (RDA 11 + RDA 12 - RDA 6)1 = -0.4 %. 

Fraction 'c' (spatial alone); RDA 6 = 17.1 %. 

Fraction' d' (unexplained); 100 % - total variatIon cxplailled by the summation of Ihe 

seven [ractions of the model (52.6 %) = 47.4 iif). 

Figure 1 shows the variation in forcst noor data cxplained hy the ùil1 l'lent Il aClIons . 

Fraction 'al' (16.0 %) is the forest noor varlalton cxplalllcd hy Ircc -;pecrc.,> 

influence alone artel' removing the ctTect of mH.:rotopography and ~patJaI :-.trllctllic a~ 

covaliables. Variability in the nature of trcc spccles inllucnœ on 100esl noor Icrllltly I~ 

potentially caused by the differential species effecl in tellTIS 01 :-,lcmllow and Ihroughl ail, 

litterfaU, and fine root turnover and cxudation. For cxam pic, hccall.,>c 01 1\-; :-'Illooth har k 

the volume of stemflow under bcech is u~ually highcr than und~J olhel :-.peCIl''> (CIOl.ler 

and Boerner 1984; Gersper and Holowaychuk 1971). The~c :-,Iudlc,> al.,>o oh~lTved '>hghl 

differences betwecn soil charactcnstics undcr heech comp:.ucd Lo led oak «(,el~per and 

Holowaychuk 1971) and !Cd maple (Crol.icr and Boclllcr I<JX4) Boemcr ami K()~I()w:-,kr 

(1989) suggest that the variation in soil plOpCI tlC:-' at mlClo:-,rtc ... localeJ 1I11dcr hecch, white 

ash and sugar mapie was mainly causcd by difl"crellccs III ... lcmflow. /)rllercncc:-, 111 the 

quality, the decomposition rate and the nutncnt Ielca:-,c 01 IIucr alllol1g Lhe llee :-,pc<.:ic,> 

present on our site arc suggcsted hy other rescarch. For cxample, Côté and J·ylc<, (1<)<J1) 

have grouped sorne hardwood spccic~ JI1 \crms of thelr !iucr aCld-ha ... c :-,tatu:-. and lherr 
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potential cffeet on soil acidification, and have suggested that paper birch and yellow birch 

could have a beneficial effect on soil fertility compared to red oak, American beech and 

rcd maple. Nutrient concentration in foliagc liUer of red maple, paper birch, yellow birch, 

rcd oak and American bccch (Côté and Fyles 1993) and American beech, striped mapie 

(Gocl and Fylcs unpubl.) and hcmlock (unpubl.) from the Morgan Arboretum showed 

important differcnces, mainly elevated levels of base-cations in paper birch, yellow birch 

and striped ma pie compared to the other species. ln other studies, bcech Htter has been 

shown to have a higher concentration of lignin and a slower decomposition rate than red 

maple and paper bilch (Melillo et al. 1982). Gosz et al. (1973) have also demonstrated 

a slower dccomposition rate in bcech litter than in yellow birch liuer. Red oak and 

hemlock liLLer are also known to have a relatively high levcls of lignin (Berg et al. 1984). 

These studies, therefore, suggest that variation in IittcrfaU among spccies couid potentially 

he related to the variation in the forest floor propelties extracted in fraction 'al'. 

Information 18 lacking, however, about the influence of fine root turnover and exudation 

on soil fertility and we ean only hypothesize that the different tree species present on the 

study site may have a differential cffect. A mOle detailed examination of the ecological 

rclationships involved in fraction' al' is prcsellled helow. 

Fraction 'a2' (4.9 %) is thc vanation in forest floor duc to the cffect of the three 

microtopographical variables; slope, mound and depression. In generaI, the effect of 

microtopography on soil properties is a consequence of variability inlitter dccomposition 

hetwccn mound and pits causcd by different liUcr dIstribution and accumulation (Dwyer 

and Merriam 1981), and soil moisture. Since mlclOtopography is usually created by 

windthrow and U'ce dccay (Beatty and Stone 1986) it can also be rclated to the 

distUlhance regime. Beatty (1984), Beatty and Stone (1986), and Sauvesty et al (1993) 

have obselvcd ditTercnccs in the propertics of forest soil samplcd from mounds and 

dcpressÎon. In my study, the impOltilllce of the microtopography in explaining the 

variation in forest noor is relativcly smaU. This is consIstent with observations reported 

by Messier and Kimmins (1992) who round no ditt'ercnces between soil characteristics 

on mound, dcprcssion and nat microsites. ln the present study, however, the fact that 
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extrerne cases in microtopography were avoidcd whcn locating the sampling point at cach 

microsite, rnay have reduced the importance of microtopography. 

Fraction 'a3' (0.7 %) is the vruiation related to a confo1ll1lkd ct'fl'l.'t of 11'l~l' spcl.'ies 

influence and rnicrotopography. It rnay be callsed hy a rl'lallllnslup bel w,'l'n lhe 

occun-ence of mounds and dcpression, and trœ speCles, cillll'\' hl'l'ause dtllc\'cnl spel'ics 

may react differcntly to disturbanccs creating a mOle di~turhed topogtaphy or hcl'ause 

sorne tree species will cstablish themselvcs more easily in dlslllll1l'd areas (Rul'l ct al 

1988; McClure and Lee 1993) and hy intcracting proœsses in whll'h \tlll'\' mX.'lIllllllallllll 

and decomposition of differcnt tree species would he all'l'l'lcll dtlÏcll'ntly hy Ihc 

microtopographical status (Beatty 1984). This fraction docs, howewl' conlnhllte wry !tille 

to the overall vmiation in forest 11001'. 

Fraction 'bl' (12.9 %) is the variation in foresllloor rclated 10 a conlollmkd l'Ilcet 

of tree species influence and spatial structure. Two hypothcses can he gcnerall'd. Fir~l, 

tree species are thernselves spatially struclured over tlle site as patchl'~ 01 dilTctl~\I1 Ircc 

association are observed. This structure may be either related 10 spatIal ~Irllctllrc of SOIllC 

biological processes involved in patch formation or to the eslahlishment 01 thc dillclclll 

tree species following spatial patterns o[ sorne ahiolic contlOlling factors (parenl matcl ial, 

drainage) (c.f Frelich et al. 1993). Alternatively, these same spatlally ~uucturcd ahtollC 

factors rnay have a indcpendcnt cffect on [orestlloor properttes 111 which ca~e the causal 

relationship betwcen lree spccics influence and forest Iloor ferttltty IS IInpos:-.ihlc to verify. 

The importance of this fraction, which rcprescnts a quarter of ail the explal\1cd variatIon 

in forest flaar, confirms that spatial hctcrogeneity wa:-. important ove\' thc study site (sec 

Chapter one). In [act, without considering this confounded clTcct, the inlcrpl etation (,1' the 

tree spccies effect on forest floor would have hccn hia:-.ed. 

Fraction 'b2' (1.4 %) is the variation in the forest Ilom Idaled to a conJounded 

effect of spatial structure and microtopography. Tht:-. :-.ugge~L~ that the pre~enœ of 

mounds, depressions and slope is ~patially structured over the ~tle. Thi:-. could he hnked 

to differences in disturbanccs over the site a~ :-.ome area~ may he mOle MI~ccptihle 10 

windthrow and trec fall because o[ sorne charactcnstics of the 100e~t :-.tand (cg. protection 
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from the wind, type of humus). Alternatively the confounded effect of microtopography 

and spatial ~tructure could he Iinkcd to human disturbances because the forest of the study 

area ha~ hcen managed a\ a farm woodlot in the past. The forest 0001' data, however, is 

not greatly a/ïccted hy thls fraction. 

Fraction 'hl' (-004 %) is the variation in the forest Ooor related ta a confounded 

effcct of lice !)peclCS influence, microtopography, and spatial structure. Based on the 

hypothe~c~ ll1el1lioncd ahove in the explanation of the other confounded effects, this 

fraction could he Imked 10 a reJationship bctwcen rnierotopography and spatially 

slructured LIee SpCCICS or 10 spatial structure in disturhancc rcgimc affccting both tree 

spccles and mlclOtopography. For my data sel this fraction is ncgative, suggesting 

multicollineal ny hetwccn sorne variables that have an opposite effcet on forest fIoor but 

(hat helong lo diffelent explanatory groups. As a consequence, the rcsponse variable is 

be~t explalllcd when the ma~king dlect of the other group is removed as a eovatiable, 

meaning lhat the confounded clTeet will be, in faet, negalivc. 

FI action 'c' (17.1 %) is the variation rclated ta spatial sLllIcLure aione. This 

variation could he hnked to lInmeasured spatially ~trueturcd factors and is discussed in 

detail 111 Chapler one. 

Fraction' d' (4704 %) or the unexplaincd fractIon is the variation not cxplained by 

the modd. Again, we rcfer ln chapter one for further discussion on this fraction. 

ln summary, the IÏI'st step of this study has allowed me to isolatc the cffeet of tree 

spccies alone l'rom the confollnded cffeet of spatially slrueturcd factors. Essentially, this 

proœs~ cOllsisted in scparating the trcc spccies and microtopographieal fractions that were 

comhll1ed in the' (1' fraction or chapter one. 

The relative importance of the tree species effect on single forest Door variables. 

The total vanation explained in the forest 0001' data as a wholc that is computed 

hy RDA can .ùso be thought of as the average of the vatiation explained for each 

individunl rorest floor variable. Il was thus possible to look at the forest floor variables 
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that contribute the most to the explained variation cxtractcd in UlC JilTerent I""",:tlons of 

Figure 1 and, at the same Lime, examine the relative il1nllcnl:l~ of trel' speCÎl's. 

microtopography or spatial sU'ucture for each of lhe diffcrel1t forl'st nom vanahks 'l'hl' 

procedure described in Table 1 was lhcrcfore lIscd for eilch vanahk although l'al"h RDA 

was thus simply a multiple regrcssion analysls. 

Table 2 illustrates the vatiation of each fOiest nom vanahk ex.plallll'd hy tlll' 

diffcrent fractions and the relative importance of each flal'tlOl1 explc~sL'd as a Pl'lù'lltagl' 

of the total variation cxplaincd for each variable. The total val lat Ion l'xplaincd varÎl'd 110111 

75.9 % for total N to 36.1 % l'or NH/. The rdatiw II1lportalll"C of li1\.' lIù' ~IWl'lCS 

fraction' al' is, however, more important for NH/ as It rCpll'Sl'l1ts 5·~ 7 (/c' of Ils Vilnatll)JI 

explaincd, comparcd with 13.5 % for total N. In laet the valwlHHl l'xplallll'd 111 total N 

is moslly fonnd in the spatially structured fractions '!JI' and 'l". Magnl'~llIm (Mg), CO2 

and pH are in a situation similar to total N where over 70 (J" of thcil variation L'xplalllcd 

is spatially structured. Phosphorus is the vanahlc the most alfel'ted hy IDIl"lOlopography 

The total and extractable calcium arc clearly the l'orest nonr vanahll's lhat ~lIl' the mll~t 

iniluenced hy tree species alone. Over 85 % of the vallalioll in cakiul\1 I~ Iclatl'd to tiLT 

species effect which is consequent with other studles lhal dcmon:-.lrall'd Ihall:alCllllll wa" 

one the variables that valÏes the most under diffelCnt trec sl1L'Cles Ceg. Young 1 (JX 1, Xiao 

et al. 1991). Tree species influence was also importalll for cxtractahle Mg and extraclahle 

K. 

In summary, the results shown in Tahle 2 iIIustrale that the dlf'tL'Il'lIt IUI'L'..,l Iloor 

variables arc not cqually inlluenccd by trce species, ITIllTolopoglaphy 01 :-.pallally 

stl1lctured factors, indicating that the Illcchanisms and proCC:-':-'C,'" IIlvolved in lhl' contlol 

of these variables diffcr subs1.Hnt1ally. Although thc oblCCtlvc 01 thl.., ~tudy wa~ 10 l:xamlllC 

the variation in the forest nom data taken as a whoJc, the Ic ... uh" ohlamed III thl.., \l'l:tioll 

can generate useful information about the contnbutioll or the diftelcnt 1000e:-.t noOl 

properties to the charactcrizatioll of forest soi] fcrtility . 
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Ecological rclationships between forest floor variables and tree species influence. 

The final step of this analysis was to study the ccological rclationships between 

forest floor variables and the influence of the different tree species by focusing on 

fraction' al', the variation in fore~t floor data expla1l1ed by the principal canonical axes 

of the RDA 4 of Table 1. 

ln Lhis RDA, the first axis, which is cP'Jsen Lo minimize the total sum of squares 

in forest 1100r data, is constraincd to bc a linear combination of the trce species variables. 

In other words, the first axis rcpresents the 1inear combination of trce species variables 

that bl!st explain the variation ln the forest Ooor data. The second axis is derived from the 

variation remaining after fiuing the values of the estimates of microsite scores obtained 

with lhe teast square regression used to find axis one. The second axis is made orthogonal 

with the lïrst axis. Subsequent axes arc derived following the same procedure. AlI axes 

are centred and standardi/.ed so the microsite scores have a mean of zero and variation 

of ()l1e. RDA is also interpretcd as a Principal Component Analysis on the estimatcs of 

the multiple regresslOn of the trcc species van ables on each forcst Ooor variable 

(Legendre 1993). Each canonicat axis explains a certain fraction of the 16 % explained 

by trcc speeies atone and can be represented in an ordination graph. The forest floor and 

tl"i~e species variables can he displayed on the ordination by plotting atTOWS. The 

eoordinates or the arrow heads of each variables are the weighted sum of the microsite 

~.eores. Angks betwecn arrows (and axes) reprcsent correlation betwccn vmiables and can 

he intL'rpreted as rollows; aeute angle = positive cOITclation, ohtuse angle = negative 

correlation, and nght angle = no correlation. The projection of an arrow on a canonical 

axis indieatcs the extcnl of its rclalionship with the axiS. The longer the arrow the more 

confident one can be ahout the infen·ed rclationship. For additional information on RDA 

sec ter 8raak (1987c). 

The fll'st and second axes of Figure 2 reprcsent 48 % and 25 % of the variation 

in forest 1100r that is explained by tree species alone. The first axis reprcscnts the main 

source or vanation in the forcst 11001' data and is associated with a gradient in the level 

of total and extractable calcium. Figure 2 also suggests that this variation is related to an 
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opposite effect of beech and hemlock, which are the most dominant trel' speeks on the 

site. Beech also has the strongest relaLionship with axis one. and its opposite angk with 

calcium suggests that the negative cffcct of hccch on l'alclllln may hl' the pnnClpa\ SOllrl'l~ 

of variation in the forest noor fertility of the stlldy site. l'hl' Figllle 2 a\so IIIU~l1all'~ Iltat 

forest floor is generally more a~idic and less fertile under bl'l'ch A l'Omhlllalion of 

different mechanisms may be responslhlc for thl' ncgativl' l'ITœl of I)t'l'ch. (>(" the tOUlll'ell 

hardwood spccies analyzed by Côté and Fyles (1993) bl'l'ch Iiuer hall thl.' 10\Vl'~1 ca\l"IlIlJ1 

concentration. Gosz et al. (1973) round that thc pelcenlagc of calcllllll was \nwl'r 11\ hl'l'ch 

litter than in yellow birch tiUer. Consequently the dfecl cou\d Ill' Idaled ln a lower 

concentration of calcium in the liuer. High Ievc1s of hgnlll and polypill'Ilois tOlllld 111 

Americ~n beech (Melillo et al. 1982; Aber et (/1. 1990) and ElIrolX'an hel'ch (K 1II1l'1 sand 

Denneman 1987) may complex with calcium and magncsium and lIlCll'a\l' lcachmg of 

these clements from the orgamc horizon (Davis 1971). This cl l"eCI I~ SllppOlll'(\ hy Ihl' 1 :IcI 

that beech growing on Mor humus that is low in klllhly may prodllCC more tanllins 

(Davis 1971). The acid-base status of bccch liller ~uggests that hl'l'ch ha.\ pOIl'ntlal rOI 
acidifying forest soil (Côté and Fylcs 1993). Lower pH caused hy sll'Illtlow wa\ also 

obscrved under beech (Crozicr and Boemer 1984; Boerner and Ko~I()ws"'y 19~N). The fLlcl 

that the study site has rc1ativc1y low concentrations 01 exchangeahle callOn~ (Tahle '~) 

indicates that soils may have a low bulTering capaclty (J()hJ1~()n ('1 al. 19X2) a galll 0.;1 Ihe 

acidifying effect of beech liuer causmg furlher depletHlI1 01 calcllllll (Fcdl' 1 CI ('1 (// 19X9). 

Although the correlation between hem lock and calcIUm is not a'> ~I rong a~ 101 

beech and calcium, Figure 2 suggcsts thal hemlock may have 11 po~J\lve ct kcl Uil calcutlTI 

Except for Mergen and Malcolm (1955) who lound one Ca\L' wllL'le calcllllll W<t\ hlghcl 

under hemlock than undcr rcd pme, most studle~ have oh~ervcd that hellliock wa.o., 

associated with rorest soils of low pH (Lodhi and Ruc:-,~ 1 <)XX) 0\ low pli and calcllllll 

level (Beatty 1984; Bocttcher and Kalis/. 1990; Gauch and Stone 197<» Lower pli and 

exchangeable calions in forcst noor were also round undel we~tel n hcmlock compalc tu 

western redccdar (Turner and Franz 1985). For sorne 01" the~c ~lllùie.'" , howevcl, the kvcl 

of pH and base calions mcasurcd undcr hemlock was higher than the hlglH..:~t values 

obtained in my study (Table 3), indicating that thc~e studws were condu<.:tcd on more 
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fertile site~. For example, in one of their study site, Bocttcher and Kalisz (1990) observed 

a mean value of 6.3 mglg for calcium under hemlock relative to 10.4 mg/g under tutip 

poplar, whlch i~ more than twicc the amount measurcd on my study site (Tablc 3). The 

positive cffcct of hcmlock on calcium übscrved in this sLudy has thus tü be examined in 

the contcxt of a site of very low rertility co-dominated by bccch. In other words, the data 

suggest that on low fertility sites, hemlock is able to maintain a certain level of calcium 

in forest 1100r relatIve LO hccch. These results also suggest that the ameliorating or 

dctcriorallllg qualily of a partIcular tree specics may be rclated to the site feltility. Fylcs 

and Côté (1993), Perry et al. (1987) and Bocmer (1984b) have suggested that the l1utrient 

cyçJmg of certain species may vary as a function of the sile condttions. In addition, the 

fact that the forest noor thickness and bulk dcnsity were also reIalcd to the first axis 

suggest that the dilTcrentiaI clTcct of hemlock and bccch have generated two rclatively 

diffcl"CnL lypes of fOlcsl 1100r over the study site. The thicker forcst noor undcr hemlock 

was abo obscrved by Beatty (1984). The mechamsms involved in that differential cffect 

hetwecn hemlock and bccch growing on low fertility sites requires to be investigaled in 

more detai1. 

The other ecologieal rclation~hip associated with the first axis of Figure 2 is the 

positive con·dation belwccn ycllow birch and calcium. Bascd on the acid-base st8tus of 

ils IiUcr, yellow btrch was considered as potcntially bcncficial for soil fertility (Côté and 

Fyles 1993). Gosz et al. (1973) and Côté and Fyles (1993) have measured relatively high 

lcvcls of calcium III yellow birch foliage liUer. 

The variation in forest 1100r expresscd by the second axis of Figure 2 is associated 

with a general fertthty gradtent, with aU of the forest floo1" chemical and biological 

variahles rclated to the presence of rcd maple, paper birch, red oak, yellow birch and the 

'other' lrcc speclcs (sugar maple, amclanchier sp.). The presence of these lrce species on 

this low rl'rLility hccch-hl'mlock dominatcd site seems to have a general beneficial effect 

on the overall ferLihty of the site. 

A ltend in the upper Icft quadrant of Fig.2 suggests that paper birch, red mapie and 

the 'oll1l'r' trcc spccies have a bencficial effect on pH, total and extractable magnesium, 

and phosphorus. Côté lUld Fyles (1993) have identificd paper birch as a species that could 
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potentially improve soil fertility on Ùle basis of ils acid hase statliS. Mllkr {I9S..J) 

reviewed the beneficial cffccts of birch on soil fertility. On the nthel hamt. tht' pOSIIIVl' 

effect of red mapie on pH and magnesium sccms in (ontradiction \vith Ihl' 1\'slIlts I"llnll 

Côté and FyIes (1993) who have Identificd red maple as a Pl)It'lltlally :tl'Illtfylllg spt'(ies. 

This beneficial influence nceds 10 he examincd 111 the (Ontexl 01 a SIle th.1I is dO\lllllatl'd 

by hemlock and beech, both known for thcir acidifyll1g pOll'llltal (CÔ10 and Fyks ll)l)J) 

The red maple influence l'an thus he inlcrpreted e tt 1 1\.' 1 :IS a IclatlVè po~itl\'l' III '\css 

negative' effect on soil fertility comparcd to hcmlock and hCl'ch, or as a lll'tll'l"ll'lall'lki:! 

caused by a modification of ils nuttient cyehng 1Il ortler to adapl tll Sllt'S or wry \0\\1 

fertility. Boemer (l984b) has demonstrated that l'cd mapk (:Ill adilist Ils nlllllcni llSt' 

efficiency in order to adapt to sites of lowcr fcrtility. In addilloll. led maple i~ Il'I'Ogl1ll.l'd 

for its ability to establish itsc1f undcr a wide lange o!" envlwnmenlal comhllon~ (Wallels 

and Yawney 1990), suggesting that red maple has the capa(ity 10 adapl 10 dtlklcnl sllc 

fertility conditions. 

Another trend associated with the second axis 111 the upper nght quadrant 01 l 'lglllC 

2, is one involving a posItive relationship betwcen potassiulll and t't'J oak. The P()~I\lVC 

correlation betwccn rcd oak and potassium was 110t rctlectcd in re~u1ts obtallll'd III other 

research (Challinor 1968; Lodhi 1977; Gcrsper and Holowaychu" 1(71) or 10 p()la~~llllll 

concentrations round in oak liller l'rom the Morgan ArhOt etulll (Cùté and l'yle~ 199 ~) The 

relation between rcd oak and potassium may he linked to a slowcr decompo~ltion 01 red 

oak litter caused by high lignin concentration (Aher et al. 1(90) Y()ung ( 19X 1 ) oh~el ved 

that, although the soil potassium levc1s WCIC not <.hITerellt, the ~Ianding hlumas~ 01 red 

oak: containcd 2.5 times more potassium lhan tultp poplar, ~lIggC~ltllg Ihl' ahtlity or tcd 

oak to extract potassium from the soit. Challinor (1 lJ6X) has MIggc~led that the I1lgh Icvd 

of potassium under Norway sprucc was linked with the faet that 11I1e rooh (h~tnhuted near 

the surface were able to cycle and maintain potassIUm bcfOle it I~ leached. The ple~ent 

data set cannot verify, howcver, the relevancy of this hypothcsls lOI led oak and lurther 

study is necessary. A negative correlation between potas~ium and hOlh slnpcJ maple ami 

hemlock is also illustrated by thcir opposite angles (Fig. 2). The negati VI.' correlatIon 

between striped maple and potassium may he linked tu the la<.:t that ~trjped maple has a 

65 



• 

• 

• 

fa<;t decomposition littcr that could promote rapid Icaching of potassium. Goel and Fyles 

(unpuhl.) have round ,c,imilar rcsults in which forest noor potassium concentration was 

signiftcantly lowcr under than outside the canopy of striped maple. Finally, potassium is 

ncgatively correlated wlth hem)ock. Boettcher and Kalisz (1990) observed that the 

potas,c,Îum concentration in forest floor was significantly lower under hemlock then tulip 

poplar hut only when herb,c, and fems were present in the understorey of the trees. This 

sllggest~ a po~sible interaction of the tree and the he rh layer effeet on potassium eycling. 

In other ~tutiJes. hemloek dominated stands have been shown to support less understorey 

and hcrhs than dcciduous stands bccause of soil charactclistics (Beatty 1984) or light and 

allclopathic cfrcct~ (Daubcnmirc 1930 cited by Beatty 1984). Since herbaceous litterfall 

is known to have high concentration of potassium (Scott 1955 cited by Tappeiner and 

Alm 1975), it is possible that the cffcet of hemlock on the quanLÏly and species 

composition of the hcrb layer may have had an mdlrect effect on the potassium cycling. 

Data relative to the understorcy and the herb layer of the study site was not collected and 

furl.her analyses would be neccssary to veri1y the potential role of these layers in the 

overa)) fertihty of the site. 

Mineralizahle nitrogen (NH/) is also positively cOlTelated with rcd oak and 

negativc1y condated with hemlock and striped maple (Fig. 2). The Iaboratory 

mineralizahle N method used in this study is an expression of the inherent quality of the 

organic matter of the sampled l'orest floor and hcnce the effect of l'cd oak, striped maple 

and hemlock on mineralilublc N may he rc1atcd to the quality of the input of organic 

maLLer as lcuves and 1'00ts and also to the degrcc or decomposition of the fermentation 

and Lhe humus layers. The relationship bctwccn !iLLer quality. decomposition and nutIÏent 

dynamic~ has heen widely demonstraLed (Aber and Melillo 1982; Aber et al. 1990: 

McClaugherty et al. 1985). Lodhi 0977) measurcd large amounts of ammonium in the 

upper mineraI soil unGer red oak lclative to elm. sycamore, hackberry and whIte oak. On 

the other hand. Lodhl and Ruess (1988) observed low ammonium in minerai soil under 

red oak comparcd lo hemlock, whlch is contradictory to our results. The resulLs of Lodhi 

(1977) and Lodhi and Ruess (1988), however, wcrc obtained l'rom measurements of 

minerai soils and comparison with the results l'rom the present study should be made with 
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caution. The finding that mincralizable N in rorest Ilollr U1llter u mixed hl'l'ch-rel! oak 

stand in the Morgan Arboretum was twicc that under heml~ll~k (Fyks 1Il1pllhU. IS 

consistent with my results. 

In summary, the dommuling tree species. heech and hemlnck. have the gl\'atl'st 

influence on the overall forcst noor rertility of thc SltC. The diITeIL'ntlalllllllll'lK'l' llr hl'l'l'h 

and hemlock on calcium is the plincipal soun.:e of V;II iatilln 111 tlll' rllll·~t Ilnor 

charactctistics. The plesenœ of the other tree spccÏl's has gCI1Lrally Implovl'd the rcltility 

of the forest Ooor. Different hypothesis have hœn genclatl't1 tll l'xpl.lin tlll' l'Clll11gH.:al 

relationships suggested by Figure 2. 

The axes plotted in FIgure 2 represcnted 7.1, (lt, or the vallutHlIll'Xplall1cd 111 IlHl'~t 

floor data by trce species inJ1uence. The remammg '27 c;" IS l'Xpll'~,"l'd hy the ~lIh~l'qlll'nt 

axes. The amount of variation extracted hy the ftrst (mil calHHlIcal ;lXl':-' lor l'ach (Oll'~t 

floor variable is given in Table 4. The cumulative slim or ail tk aXl'~ I~ L'quai tll the 

variation cxplained m the fraction' {/ /' of Table 2. Tahle 4 ~how~ that thl' t 1\ ~t and '''L'rond 

axes are intlucnced by the variahles that a1C thc most explal\ll'd hy thl' Ill'l' "11l'rIl'S . 

Because the latcr axes arc held in the l'onlext or the fllst aXIs exllaclL'd, Il I~ po,":-'Ihk Ihal 

sorne ecological proccsses of mtcrest may he cithcl ex pl e~~cd 111 latl' aXt':-' or 1ll0lL' or k~s 

divided over the different axes. For examplc, Tahle 4 Illll~11 all'~ thal Ihl' 1 datHIfl"llIp 

involving total N, CO;! or bulk dcnsity would h~ better replc:-'l~nlcd hy an ullhnaliOll o( 

the third and fourth ax~s. If one IS partieularly IIltcle:-,ted 111 lelalll)Il:-,llIp~ 1101 wl'll 

explained by the first axes, Allen and Hockstra (1 t)91) ha ve propu~ed an a ppl oal'h 11.'>lIIg 

transformation of data matrix in 01 der to move to the 1I0l1L '>OIl1L: ut thL: palLL:lll'> tOlIlll'rly 

relegated to late axes so as tn express thclr el'ologlCal n.:lauon:-.hIP wllh 1 Il o Il' cl~1I ily 

Table 5 illustratcs the intruset correlations of the Lrec "'PCCIC.., vallahll'.., wllh the 

fourth tïrst axes. The intraset conclatlOn~ are the corrclatlon:-. heLwern the Ilœ :-.peeie~ 

variables and the mil'rositcs scores that arc !incar COmhll1alIoll o( lIce ~pecle.., vallahle~ 

(ter Braak 1986). Table 5 show~ to what levcl di(TclCl1t tlee ~pec)(.;'> ;lIe a",~ocJaled with 

the different axes. The rclationship !1ctwecn the dirrelcnt tIœ ~pecle.., alld the (11,..,t two 

axes supports the resulL,,> described in Figure 2. The vanaUon III the ()rc~t floor data 

explained by the third axis is moslly relatcd to variation in total N and K, CO? and Nil,,' 
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(Table 4) and i~ associatcd wlth the opposite effcct of two groups of trec species; red oak, 

hem lock, yellow hll'ch and paper blrch on one sldc and rcd maple, the' other' tree species, 

bccch and striped maple on the other. Red oak <..'ontrihutes the most to the effect of the 

third aXI~ with a corn.:lation of 0.56 The two opposing groups of trec species con-espond 

rclativcly wcll to Lhe assocwtiO!1 of tree spccies observed 111 the field, suggcsting that the 

variation 111 forc~t noor data extracted by the firsl aXIs may be relatcd Lo an effect of trce 

specie~ a~..,ociaLI()n Jathel than the cumulative cffect of the individual species. The fourth 

axi~ IS aS . ..,oclatcd wlth the pre~cncc of yellow birch and the 'other' trcc specics (Table 5) 

and with the variation of extractable K, CO2, and the physlcal propcrties (thickness, bulk 

denslty) of /'orest noor (Table 4). 

CONCLUSION 

The results ohtained in this study have dcmonstratcd the ability of the RDA­

partitionl11g l11l'thod Lü extract informatIOn about the role of differcnt trec specics on the 

rertility of a mixed rore~t stand. The method was used as an exploratory tool to generate 

hypothescs ahout the pOlcntlal ccological relationships betwcen the dirrerent tree species 

and forest nom propertles. Many hypotheses generatcd hy lhis sludy may have bcen 

dinïcult Lo forl11ulaLe with other methods and most requile tcsting in fmther experimcnts 

bccuu1>e, us thls study cmphasil.cd, many of the ccological and physiologlcal plOccsses 

involvcd 111 the relationship hetwecn the diffcrcnt trcc spccies and their nutrient dynamics 

arc ullknoWII. Expel1ment~ that wou Id examine the influence of a parLlcular trcc species 

hy IIltegratll1g the IOle of the sLemllow, throughfall, liLLcrt~lll, rlulOsphere dynamlcs and 

olhcr physiolnglcal proccsses are necessary in onkr to understand the l'Ole of the species 

011 the snil l'ertility of 11l1xcd stands. The influence of the initial site conditions on the 

behavimll or certain trec 1>pccies ~llso necds to he considcrcd as potcntially dCLeriorating 

spccics on one siLe may prove hcncfJl:ial 011 another site. 

This l'l'scarch has identtlied seve rai other expeliments th al could be devclopcd from 

the approach uscd in this study. First, the method could be adaptcd to study the stand 
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level instead of the micrositc 1cvd in arder ln verify whelher. hy n~1l1ll\'lIlg ::-'lHlll' nf tlll' 

noise in the data caused hy the seale of the study. the cfket nI' tICl'~ \vlluld Ill' mOle 

distinct Studies working al the ::-.tand kve\ may USl' the ·u::-.ual" ha~,11 all'a 1\\l'a~llll'llIl'nl 

(Grosenhaugh 1952) to detcnllll1e the intluence of tll'l' ~peL'\I..·::-' l'Il tllL' il\'l'r.11I kltlltty l,lI' 

differcnt stands. Secondly, Li 111ethl.ld exal11J11111g thl' lI1f1ucnœ 01 LI 1 fkll'llI t Il'l' .1::-,,,uL'lal IOn" 

instead of individual lrcc spccies may take in aCL'llllnl polL·ntlalllltl·I:tl'tHlII .... 1lI l'ulllolll1lkd 

effects bclwœn the int1ucncc of thlTclcnt lrl'c Spl·l'IC::-'. SUL'h a .... luLly Illlghi U~l' dU .... tl·1 

analysis to identify dilTcrcnl aSSOcIatIOns of ~peL'les and a dlslTllllll1all1 anal y~l::-' ill 1 hl' 

forest lloor data with respect to these associations Thmlly, a study l'\:tllllnlllg lhl' 

spatially structured factors influendng the '/JI' flactlllll (FIg 1) L'\lult! 1)(' lI~l'IlIl III 

understanding the cffeet of illll1al si te condilllln~ on tl cc ~pl'L'h:~ hl'lWVlolll h lia Il y. tlll' 

potential to devclop a tIec SpCCICS inlluencc II1dcx thal IS mOle pICCI::-'l' cilult! 11L' l·.\,IIIIIIlCd. 

A parallel study (Nguyen Xuan unpuh\.) L'onducted wlth hall llll' mlrl O .... ltC::-. dl·lIlOn .... 11 ated 

that the weight of 1itterl'all for eaeh I11H.Toslte eould hl' uscd a~ ail IIllqllatnlllll'.l::-'lIll'melll 

of trce spccies inl1ucncc instead of the trcc indc:\ lI~ed 111 llll~ .... ludy RDA' .... lI .... llIg thl~ Iwo 

indexes were compared and yiclded similat le~ull~ and cOllclll .... IOIl .... The advalll.lgl' ot 11ll' 

litterfall index is that il wou Id take less lime Ihcll IllCa .... ul ill!,! tilT dlatlll'icl and dl .... lalllT 

from micrositcs. 

The method has shown potcntial as a loollO study thc IOle oi ~'Cl''''' III IIIIXl:d 101l~sl 

stands but it should he tested on other I()rc~ts in OIdcr to cvaluale It .... valtdlly ln l'lice!, 

this method should he used to examll1e lhe ecologlcal rclatlol1~hlp~ III IOle .... ! .... Ialld" wllh 

relativcly simllar conditions (~peeles compositioll, patCll1 lllalCltal, IOrHl)!lap\ty, cllIlIall') 

in order to compare the resull~ with those ohlallH:d 111 my .... tlldy ï \te .JppllL'itIIOIl 01 thl .... 

approach to other forest type~ may abo gCl1CILill: lI .... d III hypolhe .... c .... ahllut Ihl: pOlt:lltlal 

role of the trcc speeies pIC~cnt on lhesc ~lalld~. J\ heUl'1 lllHkt .... tandlllg ul l1l'l~ dll:cl Oll 

forest 1100r ,1I1d soil propertlcs may he hclpl ulm e~lahh."hll1g bctter managemcnt pl aCllce~ 

that would maintain or improvc lertility or mlxed fOle"t stand~ 
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Table 1. Variation explained in forest 1100r data with RDA's and partial RDA's using 
diffcrenl comhmations of explanatory variable matrices: lrce species, microtopography, 
and spatial ~trU(;ture captured by the polynomial equation. Ali RDA's are signifieant at 
the 0.05 Ievel usmg the Monte Carlo pelmutation test. 

RDA 

2 

3 
--------

4 

5 

6 
--------

7 

S 
--------

9 

10 
--------

1 ] 

12 

Explanatory 
vaflablcs 

tree species 

microtopography 

spatial 

tree species 

mlcrotopography 

spatial 

tree spccies 

tree spccies 

ITIlcrotopography 

microtopography 

spatial 

spatial 

covariables 

none 

none 

none 

mie + spa 

tree + spa 

tree + mie 

spatial 

microtopography 

tree species 

spatial 

trec spccics 

mierotopography 
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29.2 % 

6.5 % 

31.0 % 

16.0 % 

4.9 % 

17.1 % 

16.7 % 

28.9 % 

6.2 % 

5.5 % 

18.5 % 

30.1 % 
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Table 2. Vatiation of the forest 11001' variables cxplaincd hy the ditTer~nl fractilHls and tht' 
relative contribution (%) of each fraction to the total variation cxplain~d (in Îflllics). 

al a2 a3 hl h2 bJ c TOT. --
N 10.2 2.3 -0.4 33.8 1.4 -1.1 2Y.() 75.9 

13.5 3.0 -0.5 44.5 1.9 -/.5 .19.0 /{}o 

P 8.3 15.8 -0.1 4.0 0.9 -OA 15.1 4J.5 
18.9 36.2 -0.2 91 2.J ·().9 .N.7 /00 

K 17.2 3.9 -0.5 2.7 4.9 -0.8 14.7 422 
40.8 9.4 -1.2 6.5 116 -/.S .NS /(}(} 

Ca 31.5 2.0 3.2 19.1 -1.1 -2.2 6.8 59.2 
53.2 3.3 5,4 32.2 -J.9 3.7 liA /(JO 

Mg 10.2 2.7 0.8 33.6 -1.3 -1.8 2(U 64.5 

15.8 4.1 1.3 52.1 -20 -27 3/.5 IO() 

ex. K 16.5 4.0 -2.1 6.9 :2.5 0.4 31.2 59.5 

27.8 6.8 -3.6 1l.6 4.3 06 525 /(JO 

ex. Ca 37.0 1.1 2.7 14.3 -0.9 -1.7 6.0 58.5 

63.2 1.9 4.5 24.5 -J.5 -2.9 J(U /00 

ex. Mg 16.7 5.0 2.1 10.0 -2.2 -1.6 11.5 41.4 

40.4 12.0 5.0 24.0 -5.2 -3.9 27.7 /(JO 

pH 8.l 0.9 0.7 20.4 0.8 -0.0 19.1 49.9 

16.2 1.7 1.3 40.9 1.6 .() / .IX 3 /(J() 

CO2 7.3 5.4 -0.4 12.7 0.4 -1.1 16.5 40.7 

17.8 13.3 -0.9 31.1 09 -27 40.5 /O() 

NH+ 4 19.7 7.5 1.1 0.5 1.7 -1.7 7.4 %.1 

54.7 20.7 3.0 1.4 4.7 -4.8 20·/ /(JO 

thic. 13.3 6.6 3.3 1.8 4.8 6.8 19.6 5(j.2 

23.7 11.7 5.9 3.2 86 /2./ 349 lOf) 

B.Dens 12.0 6.5 -1.9 8.0 5.4 0.1 25.1 55.5 

21.7 11.7 -3.3 14.5 9.8 0.5 452 f{){J 

RDA 16.0 4.9 0.7 12.9 1.3 -004 17.1 52.5 

30.5 9.3 1.2 24.6 2.6 -0.7 12.6 /{J{J 



• Tahle 3. Mean and standard deviation of untransforrncd forest floor variables before the 
rcgrcssion on ash content. 

-
Variables Units Mean Std.Dcv 

N mg/g 15.23 2.06 

P mg/g 0.67 0.08 

K mg/g 0.97 0.12 

Ca mg/g 2.81 1.05 

Mg mg/g 0.70 0.15 

cxtr. K mg/g 0.41 0.10 

cxtr. Ca mg/g 2.30 0.99 

cxtr. Mg mg/g 0.34 0.09 

pH 3.91 0.19 

CO2 J.1g1g1h 38.57 7.96 

NH+ 
4 J.1g1g 538.55 121.35 

Thickness cm 5.67 2.07 

• Bulk dcnsity mg/cm3 112.81 30.82 
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• Table 4. Fraction of the vruiation of forcst nom variahles cxplaincd hy trcc Spl'l'ÏCS and 
extracted by the first four axes. 

AXIS 

1 2 :, 4 Ali axes 

Eigenvalues 7.7 4.1 2.1 1.1 16.0 

N 0.1 004 7.2 0.2 lO.2 

p 0.5 5.3 0.5 0.1 ~t2 

K 0.8 9.8 5.7 o 1 17.2 

Ca 30.6 0.7 0.\ 0.0 .,1.5 

Mg 0.2 7.3 2.0 0.2 10.2 

extr. K 8.1 6.0 0.1 1.5 16.5 

extr. Ca 36.2 0.5 0.1 0.0 37.0 

extr. Mg 7.6 7.1 0.1 0.1 1 n.7 

pH 1.7 3.9 lA 0.2 KI 

CO2 0.7 0.1 3.6 2.0 7.3 

• NH/ 4.5 8.7 5.6 0.1 19.7 

THICKNESS 6.6 2.3 004 3.7 133 

BULK DENSITY 2.6 0.8 0.1 5.n 12.0 
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• Table 5. Intraset correlatiol1~ between the trec species variables and the first four 
canonical axes. 

Axis 

2 3 4 

Hemlock -0.74 -0.21 0.35 0.11 

Beech 0.87 -0.20 -0.25 0.08 

Red maple -0'{}9 0.52 -0.39 0.19 

Striped maple -0.24 -0.34 -0.23 0.12 

Red oak 0.19 0.62 0.56 0.12 

Paper hu'ch -0.3l 0.54 0.11 -0.13 

Yellow birch -0.37 0.07 0.17 0.55 

Othcrs -0.31 0.26 -0.35 0.36 

• 
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SPATIAL 
17.1 % 

MICRO-
1.4 % TOPOGRAPHY 

4.9 % 

16.0 % 
TREE SPECIES 

UNEXPLAINED 

47.4 % 

Figure 1. Fractions of the variation in forest floor 

data explained by tree species, microtopography, 
spatial structure and their confounded cffects. 
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Figure 2. Biplot based on partial redundancy analysis of 
forest floor variables with respect to tree species effect 

after rellloving spatial structure and microtopography as 
covariables. The first two axes represent respectively 

48 % and 25 % of the variation in forest floor explained 
by tree species. The RDA was significant at the 0.01 le­

vel (Monte-Carlo permutation test). 
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The objective of this ~tudy was to extract infonnation about the role of different 

trcc spccies in a ITIlxed-forcst stand. The RDA-variation partitioning method was able to 

bolate the cfTeet of lrec species on forest 1100r fertility by taking in account the spatial 

heterogencity th al wa~ dctected wlth spatial correlograms. The mcthod adopted in this 

sllIdy was uscd a..., an exp]oratory too] to generate hypothescs about ecological 

IClation~hip~ hetwecn trec specics and forest floor variables. 

Thl~ ~Ludy hlghlightcd the fact that a lot of infonnaLion is missing about the 

influence of ~pecilic trce species on soi] fertility and the mcchanisms by which they affect 

soil propcrtie~. Sludies examimng the effcct of a pruticular species by integrating 

plocc:-,ses sllch as the stemflow and throughfaJl, aboveground \iUer decomposition and 

aetivitles of the IhiLOsphcre may be necessary in ordcr to get a better understanding of 

the tree-soil rclationship. More information concermng processes and mechanisms taking 

place in the rhiJ:ospherc i~ very important since a major part of the trecs eHeet on soil 

fertility may oecur al that leve\. The rcsuIts of this study also suggest that trec species 

may hehave differently on sites thal dirfer in fertility. 

In ordcr to evaluate the rnethod proposed in this study, three indcpendcnl aspects 

need to he considcred; the muItivariatc approach (RDA), the incorporation of spatial 

stmcturc in a variation partitioning model, and the seale of the study (microsites). 

Fu·st, the advantage of the mulLivariatc approach is that, by considering forest noor 

fertility as a complex ensemble of interacting variables. it is possible to get a better 

insight into the main patterns occllrring over the entirc study site. Multivariate analysis 

can also he lIscd to put II1formation obtained from univariate analysis in a more global 

context. ThL:rc are very lew studies, however, that have uscd direct gradient anlaysis with 

soil data and further studies are reqlllred to assess the ability of these techniques to extract 

lIseful information about the rdationship between sail feltility and environmenlal factors. 

Scrondly, tllls study demonstrated the importance of considcring spatial structure 

when stlldymg eeologieal data. The incorporation of spatial structure in a variation 

pat titionillg modrl has reœntly bcen developcd for studies dealing with ecological 

communitics and although rcsults ohtaincd l'rom this study suggest that this approach may 
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be applicable to soil data, further stlldies arc rcquircd in orù~r tn asses the ahiltty nr trend 

surface analysis to dctcct ccologically mcaningful spatial pattL'1 ilS III SlHls. 

Finally, this study \Vas similar to singlc-tree stlldles wlHlmg al 11ll' mil'lwatl' kvd 

with the diffcrence that microsites \Vere llnder thl' intlucnce or nUHl' Ihall Olll' l''l'l' al a 

time. By locating many microsites over the site it was also pos~lhk 10 haw an IIIslght III 

processcs occurring at the sIte level. The incollvenienœ, hOWL'Vl'I, IS thal 1111lTOSlll' slud Il'S 

are susceptible to local variation that l'an give noisy data. 

In summary, the method used in this sludy plOposcd an apPIll.tch Ihat auns al 

integrating processes takll1g place in relatively compkx and hderogcllL'ollS l'l'osystcllIs. 

Its pm'pose is primarily Lo explore complcx data scis and 10 gCllcralL' hypolhL'~l'" thal 

would otherwise be very difficult to obtain. The rcsults oblained III Ihls study 

demonstrated that the RDA-variation parlitiollll1g mode! has Ihe POll'llllal ln hl'l'ollll' a 

useful tool in the study trces intlllcncc on soil fcrtihly . 
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