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Abshact 

studies were undertaken to determlile the effects of fe.:til izer and 

limlng materials on so11 and fin'! root chemistry and fine root biomass, 

arxl on the starch content of larger diameter sugar maple (.Acer saccharum 

Harsh.) roots. Responses in fine root biomass, fine root chem1stry, and 

so11 chemistry were observed using root-free ingrowth cores containing an 

organic ba!ed fertilizer (3-4-8 plus dolomitic limestone at a rate of 800 

kg/ha), an inorganic fertilizer (0-3-29 plus calcite and dolomite at a 

rate of 1370 kg/ha), or no fert11izer. 'ftle cores were installed in three 

mature sugar maple starxls for one year. Significant differences (pg).OS) 

in many root and soil chemical properties existed among sites. Greatest 

treat:ment response in soil and fine root chemistry occurred at the site 

with the poorest nutrient status. Fine root biomass decreased due to 

treatment at one site. No other response in fine root biomass was 

observed. 

Larger diameter roots were sarrpled at two sites from sugarbush 

fertllization plots treated with base rich fertilizers. At one site, an 

acidifying treatment was aiso applied. Significant differer.ces (p~O.OS) 

in root starch content were observed between the acidifying treatment and 

the l'IOst base enriched treatments several years following fertilization. 
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Résumé 

Afin de déterminer les effets de l'ajout de matériaux riches en 

cations basiques et de fertilisants sur l'érable à sucre (Acer saccharum 

Harsh.), des études portant sur la chimie et la biomasse de radicelles, la 

chimie du sol ainsi que sur le contenu en amidon de racines ont été 

entreprises. Des cavités de croissance radiculaire ont été utilisées pour 

observer la réponse de la bi~ma.sse des radicelles et la chimie du sol et 

des radicelles. Les cavités contenaient du sol libre de racines provenant 

du site mêDe, auxgue1 était ajouté soit un fertilisant à base organique 

(3-4-8 plus chaux dolomi t igue appliqué à un taux de 800 kg/ha), so i t un 

fertilisant inorganique (0-3-29 plus calcite et dolomie, appliqué à un 

taux de 1370 kg/ha), soit aucun fertilisant. Les sacs ont été installés 

pour un an dans trois érablières au Ouébec. Des différences 

significatives (pSO.OS) pour plusieurs propriétés chimiques du sol et des 

radicelles existent entre ces trois si tes. La plus inportante réponse aux 

traitements en termes de chimde du sol et des radicelles a été obtenue au 

site ayant le statut nutritif le plus pauvre. Une diminution de la 

biomasse des radicelles sui te aux traitements a été observée à un des 

sites; aucune autre réponse au niveau de la biomasse n'a été mesurée. 

Des racines de plus gram diamètre ont été échantillonnées pour leur 

contenu en amidon à deux érablières fertilisées antérieurement. Les 

différents traitements appliqués étaient à base de cations, mais à un des 

deux sites un traitement acidifiant avait également été appliqué. Des 

différences significatives (pSO.OS) ont été observées entre le contenu en 

amidon des racines provenant des parcelles traitées à base de fertilisants 
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riches en cations et celle ayant subi un traitement acidifiant et ce, 

plusieurs années après la fertilisation. 
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( Preface 

The purpose of this study was to examine the effects of fertilizer 

treatments on sail and sugar maple fine root chemistry, fine root biomass, 

and starch content of larger roots. The project was in association with 

ongolng research into the effects of fertilization on the health of 

decl1ning sugar maple stands in Ouebec. The f irst chapter 15 an overview 

of forest decline and the attributes of sugar maple decline in Quebec. 

'nle second chapter is concerned with the effects of fertilizer treatments 

on soil and fine roots, and the third chapter deals with the effect of 

fertilization on the starch content of larqer diarœter roots. The latter 

two chapters are presented in paper fornat wi th introductions pertaining 

( specifically to the experiments. The fourth chapter contains overall 

conclusion!. about the research and suggestions for future investigations. 

'nle appendices contain soil chemical properties of the study sites and 

5011 and root chemical data not presented in the body of the thesis. 
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1.1 Introduction 

Forest declines are conplex diseases involvinq sequential biotic and 

abiotic stresses and their interactions (Manion 1981). Declines cause a 

graduaI and progressive deterioration of tree health resultinq in the 

death, or dieback, of the tree canopy and eventually ~f the entire tree 

(HcLauqhlin 1985). At the stand level, dieback results in contiguous 

trees dyinq in groups, rather than as individuals within a healthy milieu 

(Hueller.-Dambois 1987). 

Decline and dieback have histor ically occurred in tenperate forests, 

with causes attributed principally to climatic and biottc stress (COwlinq 

1985a; Rennie 1986; HUeller-Dombois 1987; Sndth 1987). However, within 

the past decade concern about decline and dieback has greatly increased. 

Declines have rapidly become more extensive in Europe and North America, 

affectinq a mmœr of species sinultaneously across ranges of climate, 

physiography, soil type, stand management, and pollution exposure 

(HcLaughlin 1985). Recent declines ("neuartige wa1dschaden" or "novel 

forest decline") are roore intense and systenatic than previous decline 

episodes, and are separable from declines involving only climatic and 

biotic stresses, specifie pollution sources, c: silvicultural practices 

(Krause et al. 1986; Prinz 1987). 

SyrrptolllS of current forest declines include reduced growth rate, 

loss of foliar biomass, branch dieback, foliar discoloration, decreased 

fine root biol1BSS, decreased incidence of rqycorrhizae, abnormal growth, 

altered photosynthate allocation patterns, altered leaf roorphology, 

excessive st!ed production, altered ~ter relations, and increased 

susceptibility to secondary stress (Schütt and COwling 1985; Hinrichsen 



1987; Jakucs 1988). Reduced growth rate is considered to be one of the 

foremost synptorœ of decline, as dendroecologlcal analyses show growth 

reduction since the late 1950's and early 1960'5, weU before visible 

dieback s}'q)toms were observee! (Adams et al. 1985; HcLaughlin et al. 1987; 

HUsson and Duinker 1987). 

Bath coniferous and deciduous species are current1y affected by 

decllne. In Europe, affected species include Picea abies (L.) KaJ:st., 

Abies alba MilL, Larix decidua Hill., Pinus sylvestris L., Fagus 

sylvatlca L., Quercus spp., Alnus glutinosa (L.) Gaertn., Fraxinus 

excelsior L., Acer pseudoplatanus L., and Betula verrucosa Roth. (Schiltt 

and Cowl ing 1985; Hinr ichsen 1987; Jakucs 1988). In NOJ:th AmeJ: ica, 

declining species include Picea rubens Sarg., Abies fraseri (PUJ:sh), Pinus 

taeda Sarg., P. elliottii Enqe1m., P. echinata Miller, Abies balsamea (L.) 

Hill., Acer SaccharUIII Marsh., and Quercus rubra L. (Auclair 1987a; 

Hinrlchsen 1987; PJ:inz 1987; Bruck et al. 1989; Pitelka and Raynal 1989; 

Kelly et al. 1990). 

1. 2 Causes of Forest Decline 

1.2.1 Classification of Stress Factors 

The classification of causal factors by Manion (1981) has been 

wldely used in investigations of recent declines. stresses may be 

categor ized as: 

1) predlsposing: static, permanent stress due to site factors, climate, 

continuous exposure to air pollution, or limitations of genotypic 

plastici ty, 
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2) Incltlng: acute, short-term biologlcal or physlcal stress due to insect 

defoliation, climatic extremes or shocks, mechanical in jury, or 

InteDmittent exposure to air pollution, and 

3) contributing: visible, persistent stress factors such as bark beetles, 

root rots and other pathogenic fungi as well as other disease and 

decayagents t.bich are ultimately blamed for the death of the tree. 

According to Manion's hypothesis, at least one factor from each group is 

involved in a particular decline syndrome, with the effects being 

CUltUlative. This type of classification permits recognition and analysis 

of all biotic and abiotic stress factors implicated in decline on a case 

by case basis. However, the flexible nature of this classification may 

hlnder the establishment of clear cause and effect relationships (Blank et 

al. 1988). Decline syqrl:OJ1I!5 nœt be considered in the context of the site 

at which theyoccur (Manion 1985). 

An alternative classification of causal factors may be made by 

categorizing stress factors as natural or anthropogenic (Klein and Perkins 

1988). In the context of recent declines, anthropogenic stress factors 

refer mainly to atmospheric pollutants although mechanical in jury, soil 

c~ction, and management practices may be included in this category 

(Woodnan and Cowling 1987). This classification is useful in considering 

contenporary declines, as anthropogenic pollutant stress is thought to be 

involved in decline to a greater (Hc:Laughlin 1985; Schütt and Cowling 

1985; Hauhs and wright 1986; Prinz 1987; Sndth 1987; Chevone and Linzon 

1988; SchAfer et al. 1988) or lesser extent (Foster 1989; Johnson and 

Taylor 1989; Pi.telka and Raynal 1989; Rehfeuss 1989). The presence of 

pollution stress may signify the difference between previous and current 
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declines in the eapaeity of forests to recover (Hendershot and Jones 

1989) • 

Natura1 stresses inc1ude drought, flooding, unseasonable frost, 

nutrient stress, wind, Insect damage, disease, pathogenie fungi, stand 

aging, conpetition, and proximity to species elimatie limits Uotanion 1981; 

Hueller-Dombois 1987; WOoœman and Cowllng 1987; Klein and Perkins 1988; 

Fester 1989). Prev ious, is01ated e~les of decline are associated 

prinar i ly wi th natural stress factors. 

Anthropogenic pollutants include aeidic deposition, gaseous 

pollutants, e1evated nitrogen (N) deposition, and heavy metal deposition 

acting independentlyor interactive1y (Klein and Perkins 1988; Johnson and 

Taylor 1989). 

1.2.2 Anthro~enic Pollution stress 

The effects of atmospheric pollutants on forests have been 

extensive1y reviewed (Tamn and COw1ing 1977; Abrahamsen and Tveite 1983; 

Horrison 1984; HcLaughlin 1985; Kozlo\oSki and COnstantinidou 1986; Linzon 

1986) • The following discussion SUJ'llllar izes the main mechanisms of 

pollution stress thought to be involved in forest decline. 

1.2.2.1 Acidic Deposition 

The atmspherie deposition of acidie materia1s is regional in 

nature and includes wet (precipitation) and dry (particu1ate) deposition 

of su1phuric and nitrle acids (Smith 1985). The effects of acid 

deposition on forests are large1y indirect and are re1ated to nutrient 

cycling through vegetation and soils (Reich et al. 1988). 
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Acid precipitation may increase foliar leaching of nutrient ions 

such as potassium (K), calcium (ca), and maqnesium (Mg), predisposing 

trees to nutrient deficiencies if adequate nutrients cannot be obtained 

fram the soil CHatzner 1986; HOtt! et al. 1990). Increased foliar 

1eaching under acidie precipitation may not occur for aIl species (TUrner 

and Tlngey 1990). kce1erated fol lar leaching advances rhizosphere 

acidification, as protons (H+) are re1eased with the uptake of replacement 

cations to maintain e1ectroneutra1ity at the root surface (Ulrich 1983a; 

Binkleyand Richter 1987). 

Elevated acid inputs may cause replacement of base cations on the 

5011 exchange cOJlt)lex with H+ or aluminwn (Al) and increase base cation 

1eaching from the rooting zone of soils, resulting in decreased nutrient 

supply and exacerbated foliar losses (Ulrich et al. 1980; Hatzner and 

Ulrich 1985). As so11 pH decreases, Al solubilityand plant avallability 

increases, resu1ting in: 1) toxiclty to fine roots and a subsequent 

decrease in the uptake of water and other nutrlents (Hütterrnann 1985; 

Heyer et al. 1985; 1988; Cronan et al. 1989), and/or 2) physiological 

Interference of nutrient (e.g. ca or Mg) uptake by Al (Hüttermann and 

Ulrich 1984; Rehfuess 1987). 

Hlcrobial proce5ses such as deconposition, aJII1WJnification and 

nitrification may be inhibited byacidification (Aber et al. 1982; Francis 

1982; Berg 1986). Decreased :tates of decOll'pOsition may resu1t in 

accumulation of nutrients in soil organ le pools, and shifts in microbial 

populations nay occur favoring mre acid tolerant cormunities (Francis 

1982; Berg 1986). Hycorrhizal formation and vigor are likely to be 
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reduced under the influence of acidic deposition (Bell 1986; Meyer et al. 

1988) . 

The preceding effects may corrDine to cause alterations in the rate, 

pathW!y, aoo effectiveness of nutrient cycling in forest ecosystems (Lee 

am Weber 1983; Johnson et al. 1985; Heiwes et al. 1986; Shulze 1987; 

Jakucs 1988). The extent to which nutrient cycling is affected by acid 

deposition is dependent on the magnitude of inputs am the ability of 

sol1s and vegetation to buffer inputs over extended per iods of time 

(Johnson et al. 1982). Factors which determine the capacity of forests to 

buffer acidic inputs inc1ude soil cation exchange capacity, soi1 base 

saturation, rates of mdneral weathering, soil anion adsorption capacity, 

rates of organic matter mineralization, magnitude of foliar leaching, 

precipitation buffering by the canopy and forest floor, and rates of 

uptake by vegetation (Wiklander 1980; Johnson et al. 1982; Tomlinson 1983; 

Rutherford et al. 1985; Moore and Dubreuil 1987; Hantschel et al. 1990). 

The direct effects of acid deposition on mature trees are not weIl 

documented but do not occur consistently at 'tainfall pH above 3.2 

(Horrison 1984; Bell 1986). Direct effects to foUage may include damage 

to protective surfaces, inpairment of guard cell function, or disturbance 

of metabolic processes such as enzyme acti vi ty (Tamn am Cowling 1977). 

Foliar damage may increase susceptibili ty to water stress or in jury by 

gaseous pollutants (Evans 1982). 

1.2.2.2 Gaseous Pollutants 

Phytotoxic gasses may have local or regional effects depending on 

origine Pollutants arising from a direct emission source, such as sulphur 

7 



( 

( 

dioxide (S02), affect vegetation wlthin clo!5e proximlty to the source, 

Wllle secondary pollutants such as ozone (03) are forrrm in photochemical 

reactlons over large areas (Linzon 1986). 

The effects of gaseous pollutants on forest vegetation may be both 

direct am indirect. Direct effects of SOz reaul t from i ts uptake through 

the stomata of metabolizing tissue am formation of sulphuric acid within 

the follage, causing direct in jury (Abraharrsen and Tveite 1983; Hinrichsen 

1986). Ozone 15 responsible for the deterloratlon of cutlcular waxes and 

cell ~ane integrlty, intensifying foliar leaching of nutrient ions 

(Prinz 1987; Rehfuess 1987). As described for acidification processes, 

nutrient deflciencies may be induced where soil nutrient supplies are 

limiting. 

Ozone bas been shown to reduce photosynthesis and growth in forest 

tree seedlings (Reich et al. 1986; 1987). In addition, carbohydrate 

allocation patterns are altered by priorization of photosynthate for 

tissue repair am replacement, or by disruption of phloem transport at the 

expense of root growth, vigor, and disease resistance (Tingeyet al. 1976; 

McLaughlin and Shriner 1980; HcLaughlin et al. 1982; Prinz 1987). 

Hycorrhizal relations may be altered as root carboh}'àrates become limiting 

(Stroo et al. 1988). 

Tree species vary in their sensitivity to gaseous pollutants with 

certain species showing relative tolerance (KozloW5ki and Constantinidou 

1986). However, pollutants seldom occur in isolation and the presence of 

additional pollutants may result in negative effects at otherwise 

tolerable doses. The effects of pollution cont>inations on forest systerrs 

are poorly understood at present (Reich et al. 1987). 
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1. 2.2.3 Excess Ni trogen 

Deposi tion of N conpounds may occur as amnonia (NH:s ) , anrooni um 

(NH.), or nitrate (NO:.) on a reqional basis (Nih1gàrd 1985). E1evatec1 N03 

levels occur as a resuit of fossil fuel corrtlustion, while NH:. and NH. 

arise primari1y from 1ivestock production and the manufacturing and use of 

N fertilizers. 

Tb" resu1ts of increased N deposition may be partitioned into soil 

and tree effects (Johnson and Taylor 1989). Soil effects are related to 

increased ra,tes of nitrification. ~ere N inputs exceed biologicai 

demand, nitrification, am subsequent1y NO:. leaching, may be stinulated to 

eliminate excess N (van Breeman and Jordens 1983; Reuss and Johnson 1986) . 

Nitrification is an acidifying process, and may resu1t in decreased base 

saturation and increased Al IOObilization (Johnson and Taylor 1989 i 

Will1son et al. 1990). 

Nutrient losses fram foliage may be increased as NH. Is taken up 

direct1y through leaf stomata, releasing cations such as Hg or K (NlhlgArd 

1985). Strong organic acids may a1so be released, causing direct damage 

to 1eaf surfaces and prec1isposing foliage to further in jury or nutr \ent 

l05S. Nutrient deficiencies may aiso be induced as tree N status 

increases with respect to other nutrients (Hütt1 1988; Oren et al. 1988a; 

Reich et al. 1988). 

Increased N uptake by trees results in a strong carbohydrate sink 

for canopy and volwne growth at the expense of root growth (HcLaugh1in 

1985; Nihlg4rd 1985). Reduced root growth and vigor rnay increase the 

susceptibility of trees to mechanlca1 stress and decrease mycorrhizal 

associations. Nltrogenous corrpourds mayaccunulate ln follage, lncreasing 
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susceptibllity ta insec.ts and pathogens, and potentially reaeh taxie 

levels. Consensus is lacking regarding the raIe of excess N in decreased 

frost hardiness in forest trees (Friedland et al. 1984; Nihlgârd 1985; 

Klein et al. 1989). 

The net effE:cts of increased N deposition on forest stands are 

Influenced by soU N statua, N cycling rates and pathways, availabilityof 

other essential nutrients, and magnitude of N inputs (Johnson et aL 1982; 

Nihlg4rd 1985; Reich et al. 1987). Forests wi th adequate N are not 

adversely affected by additions of fertilizer N; thus concern about N 

over-supply has been questioned (Miller 1988). 

1.2.2.4 Conclusions Regarding Anthropogenie Stress 

For iooividual trees the processes at greatest risk from regional 

atmJspheric pollution include photosynthesis and growth, root metabolism, 

reproduction, am interactions with pests (Smith 1987). At the ecosystem 

level nutrlent cycling, biomass production, and pathogen population 

dynamics are likely to be affected. 'Mle consistently observed effects of 

pollution stress on follage, roots, soils, and nutrient relations as 

described above emphasize impacts on nutrient cycling. 

The effects of air pollutants on forests are difficult to measure 

against the heterogeneous background of species cOltp)Sition, developmental 

stage, site conditions, yearly and seasonal variations, natural stress, 

and management practices, particularly in the absence of unaffected or 

control sites (Bormann 1982; Smith 1985; Woodman and Cowling 1987; Bruck 

1989) • Natural variation in long-term sail processes eonfounds 

rœasurements of sail effects (Rennie 1986; Nowak et al. 1989). In 
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addition, Inadequate knowledge of pollntion effects on iooividual tree 

species, nutrient cycling in forests experiencing dec 11 ne , and forest 

response to stress other than pollution has been an obstaclE' to the 

Interpretation of pollutant effects on forests (Foster 1989). 

1. 2.3 Hypotheses for the causes of CUrrent Forest Declines 

Prinz (1985) suggests that any meaningful hypothesis for explaining 

decline IIIlSt meet the following conditions: 

1) it IIIlSt be possible to connect aIl the specifie s~tons of the dec11ne 

to the causal factor in question, 

2) the te!lp)ral development of the decline IIIlSt go along wi th the telTp)ral 

development of the causal factor in question, inc1uding 

consideration of accunulation of effects, arxi 

3) the spatial distribution of the decline nust largely coincide with the 

spatial distribution of the causal factor in question. 

Observation and documentation of stress factors invol ved in recent 

declines has led to the synthes is of several hypotheses to explain 

declines individually and collectively. The most widely accepted 

hypotheses at present may be surrmarized as follows: 

1) The rrultiple stress hypothesis suggests that any of a nUIlt>er of biotic, 

physical, chemdcal and competitive stresses, rather than a single 

cause, are involved in a decline and that the stresses are 

characterized as predisposing, inciting, aOO contributing on a site-

specifie basis (Manion 1981; Cowling 1985b; Dessurault 1985'. 

2) Tn~ acidification-nutrient irrbalance hypothesis irrplicates soil 

acidification, acceleration of soil and follar base cation 10ss, 

11 
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nutrient deficiencies, and Al toxicity to fine roots (Ulrich et al. 

1980; HQttermann and Ulrich 1984) 

3) 'nie 0:. hypothesis describes foliar damage by 0:., follar nutrient 

leaching, reduced root growth, and the negati ve feedback loop of 

roots attempting to replace nutrients (Krause et al. 1986; Prinz 

1987) • 

4) The climate hypothesis proposes that large-scale weather stress such as 

drought, frost, and global terrperature increase stinulates decline 

episodes (Auclair 1987b; Rehfuess 1989). 

5) The excess N hypothesis suggests that increased atJnospheric deposition 

of nitrogenous corrpounds Is responsible for decline on a regional 

basis (Nihlqérd 1985). 

Although a certain degree of over1ap exists among these hypotheses, they 

each provide a framework within which to examine specifie synptoms and 

thelr possible causes. Indivldual hypotheses may be IOOre relevant to 

particular exaJ'l'ples of decline than to others. 

1.3 Decline of Sugar Maple (Acer saccharum Malsh.) in Quebec 

The maple sugar industry in Quebec generates an average of $40 

million annually as farm incarne in otherwise marginal areae, and 

contributes to the diversification and stabilization of rural activity 

(Ménard 1985; Robitaille 1986). In addition, maple accounts for 23% of 

the merchantable vohuœ of hardwoods, and 6\ of the total volume of Quebec 

forests. 

Decline of sugar mple has occurred periodically in the northeastern 

United states aOO southeastern canada sinee the late 1940's and early 
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1950's (Griffin 1965; Cowling 1985a; Auclair 1987a). In Quebec, rnaple 

decline had been observed infrequently until 1978, when the first accounts 

of the current decline origlnated in the Beauce reglon south of Quebec 

City (Bordeleau 1986). By 1982 reports of decline were !rore numerous, and 

in 1983 investigations into the extent and causes of maple decline were 

undertaken by the Ministére de l'Energie et des Ressources du Québec 

(carrier 1986). Annual surveys indicated that the incidence and severity 

of decline was increasing, aOO by 1985 60\ of maple stands were 

experiencing decline (Bordeleau 1986). 

Decline bas now been observed throughout the biocllmatir. range of 

sugar maple in Quebec, and has continued to increase in intensity 

(Bordeleau et al. 1988; Gagnon and Roy 1989). 'nle severity of decline is 

greatest in stands found on thin, nutrient poor soUs at higher 

elevations ; speci fically, i1laple-beech-yellow birch (Acer saccharum Marsh. -

Fagus grandifolia Ehrh.-.Betula alleghaniensis Britt.) forests on hilltops 

(carrier 1986). However, stands on nutrient poar, hurnid soils in 

depressions are also among the mst damaged (Gagnon et al. 1985). 

Trees dying from maple decline are distinguishable from trees dying 

of normal causes (Gagnon et al. 1986). Visual syrrptOIœ of maple decline 

include: graduaI 10ss of foliage beginning at the outer crown and 

continuing inward, small, chlorotic leaves which undergo premature fail 

coloration, reduced rate of taphole healing, radial increment, and twig 

gr owth , adventitious branching and tufted foliage, and bark peeling from 

branches and trunk (Gagnon et al. 1986; Houston et al. 1990). A secondary 

syrrptom of declining stands is an abundance of understory species 

resultinq from enlarged canopy gaps. 
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\ Examination of possible causes of maple decline in Quebec has 

identified a nuntler of biotic and climatic stresses to whic.h map1e stands 

have recently been exposed. Between 1978 and 1983 large-scale 

infestations of forest tent caterplllar (Halacosoma disstr ia Hubner) and 

Bruce spanworm ( Operophtera bruceata Hulst) resulted in severe and 

extensive defo1iations of map1e and other hardwood forests (Lachance et 

al. 1981; Benoit et al. 1982, 1983; Lachanee et al. 1984). Shoestring 

root rot fungus (Arm111aria mellea (Vahl. ex Fr.) Kunm.) was found ta be 

prevalent in severely declining and dead trees (Lachanee 1985; Roy et al. 

1985) . 

Additional stress occurred in the form of early sumner frost in 

1980, February thaw followed by deep frost penetration in Mareh 1981, 

minimal snow cover in 1981 and 1982, and late frost in 1983, resulting in 

further damage to foUage am probable damage to roots (Beno i t et al. 

1983; Lachance et al. 1984; Laehance 1985; Auclair 1987b; Hendershot and 

Jones 1989). ltts weIl, spring and sumner droughts occurred on a regional 

hasis in 1982 and 1983 (Roy et al. 1985; Bernier et al. 1989). 

Regions subjected to insect defoliation, the 1981 thaw, and the 

droughts in 1982 and 1983 correspond to the areas roost affected by deeline 

(Gagnon et al. 1986). However, these biotie and cl imatic stresses are not 

thought to be the exclusive causes of maple decline (Lachance 1985; Roy et 

al. 1985; Gagnon et al. 1986; Bernier et al. 1989). Shoestring root rot 

is found only on trees having greater than 51\ dieback, and is considered 

ta be a result, rather than a cause of weakened trees (Lachance 1985; Roy 

et al. 1985). Examination of the role of sugar maple tapping, methods of 

sap collection, and sugarbush felling practices showed no significant 
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re1ationship amJng the~e factors and dec1ine (Lachance 1985; Gagnon et al. 

1986) • 

Investigations into the nutr ient status of map1e stands have 

revealed foliar deficiencies of K, ca, Mg, and in SOIœ instances, 

phosphorus (P) (Bernier and Brazeau 1988a,b,c; Paré and Bernier 1989a; 

Hendershot 1990). In addition, 75\ of solls sampled in 1968 and again in 

1985 have undergone a reduction in the SUI .. of exchangeable cations in 

hUlTL1S layers and B horizons (Gagnon et al. 1986). These observations, 

conbined wi th the inabili ty of biotic and climatic events to entirel}' 

account for current decline symptoms (Bernier et al. 1989), suggest that 

nutrient deficiencies or irrbalances are an inportant factor in maple 

dec1ine in Quebec (Bez:nier and Brazeau 1988a,b; Hendershot and .Jones 

1989). Positive response to fertilization further iIt1;llies the involvexœnt 

of nutrient deficiencies (Hendershot 1990). 

Foliar nutJ:ient deficiencies dI'ld 10ss of soil base cations have a1so 

been observed in declining forests in Europe and elsewhere in eastern 

North America. In West Germany ca, Mg, and K, as well as manganese (Mn) 

and zinc (Zn) have been shown to be deficient in coniferous foliage (Zech 

et al. 1985; Zéttl and Hütt1 1986; Hütt1 and Wisniewski 1987; Hüttl et al. 

1990). Histological investigations have demonstrated that the ob5erved 

need1e damage is characteristic of nutrient deficlencies (Zôttl et al. 

1989) . Decreased soil pH and base cation dep1etion have been observed 

over periods of ten years and longer in central Europe and Scandinavia, 

and are attributable to acid deposition (Berdén et al. 1987; Tamn and 

Hal1bëcken 1988). Site-specifie nutrient deficiencies and disturbances 
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are considered ta be pivota1 conponents of forest dec1ine in Europe 

(Krause et al. 1986; Zc3ttl and HOttl 1986; ZOttl et al. 1989). 

In the northeastern United states nutrient deficiencies have been 

assoclated with decline synptorœ of red spruce and baisam fir (Friedland 

et al. 1988; Shortle and Smith 1988; ZOtt1 et al. 1989). Nutrient 

def1clencies have been observed in ba1sam fir and white spruce in Quebec 

but have not as yet been linked to dec1ine (Bernier et al. 1989). Loss of 

soil base cations has also occurred and may be ascribed to acidic 

deposition, as well as to stand uptake and afforestation (Brand et al. 

1986; Johnson et al. 1988; Johnson and Taylor 1989). 

Nutrient deficiencies observed in dec1ininq sugar map1e in Quebec 

have been Unked to atnœpheric pollution (Bernier and Brazeau 1986; 

carrier 1986; Gagnon et al. 1986; Olevone and Linzon 1988). Acid 

deposition is most strongly i~licated for several reasons. First, high 

10ading rates of wet su1phate and NO:a occu:r in the regions !OOst affected 

by decl1ne (Hendershot and Jones 1989). Second, 80\ of the soi1s and 

bedrock of Quebec have a low potentia1 to reduce acidi ty and buffer acidic 

inputs (Gilbert et al. 1985) • '1'hird, the occurrence of nutr ient 

deficiencies and reduced soi1 base saturation are consistent with known 

effects of soi1 acidification, and with European observations of 

acidification induced nutritiona1 distw:bances. Fina11y, data about other 

possible pollutants such as 03 does not suggest a direct ro1e. Available 

infornation indicates that arrbient O:a 1eve1s should not result in acute 

damage at J'OOst locations (Schemenauer and Anlauf 1987). As weIl, suqa:r 

map1e 15 considered to be an 03 resistant species (Davis and Gerhold 

1976) . 
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From the preceding factors a 1fIl1tip1e stress hypothesis for the 

cause of maple decline in Quebec may be generated. Nutrient deficiencies 

associatec:l wlth poOl soil nutrient status may be a pred1spos1ng factor 

(Gaqnon et al. 1986; Hendershot and Jones 1989), severe and recurrent 

insect defoliations and climatic events may act as inc1ting factors 

(Bernier et al. 1989), and pathogenlc fungi such as shoestring root rot 

nay be the obvious, contributing factor which eventually kills the tree 

(Lachance 1985). Expllcit re1atlonshlps arrong acid deposltlon, nutrlent 

deflciencles, and naple decline have not to date been deJOOnstrated 

(Herxiershot ard Jones 1989; Johnson and Taylor 1989). 

1.4 Conclusions 

Due to the slow growth, conplexity, and high degree of natural 

variabi1ity of forests, tree response to stress i5 difficult to rœasure 

(Smith 1987; Pitelka and Raynal 1989). It is also difficult to separate 

stress associated with forest decline from normal forest dynamics and 

natura1 patterns of mortality (Mueller-DoI1ilois 1987; Pite1ka am Raynal 

1989) . However, this should not g1 ve license to preswne that decline-

related stress, such as atnospheric pollution, will he absorbed into 

eXisting forest dynamics. Recent attention bas become focused on the 

indirect effects of atroospheric pollution, whlch by effecting subtle 

changes may be irxiicative of more extensive damage to come (Mc:Laughlin 

1985; Johnson and Taylor 1989). 

Synptoms of forest decline are most observable at the level of 

indivldual trees; however, less visible effects occur at the ecosystem 

level (Krause et al. 1986). Decline of individual species may result in 
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altered species cQRI)Osition and reduced biomass production over the long 

term (Adana et al. 1985; Smith 1987). Hodell1ng the response of 

inàlvidual trees to stress associated with dec1ine provides theoJ:etica1 

information about the respon:.5e of larger systems (HcLaughlin 1985; Schâfer 

et al. 1988). 

Decline itself may act as a predisposing stress for forests (Klein 

and Perkins 1988; Bruck 1989). Gaps ln forest canopies will alter wind 

resistance, ll<Jht interception, tree water: relations, sol1 rooisture, 

follar and sail t~rature, nutr lent C)'Cling, disease resistance, and 

cold hardlness. Should current concerns about global warming be realized, 

forests already weakened by decline are less likely to withstand the 

ensuing stress (Smith 1987). 
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2.1 Introduction 

Fine roots conpr Ise up to 20\ of the biomass of mature trees am 

thus represent a siqnlficant investment of carboh~rate reaourcea (Persaon 

1979; Fage1 1985). DecOllpJsition am grazing of fine roots by soil fauna 

contribute substantial amJunts of N to forest solls, a.'1d nay provide two 

to five tlmes more organic matter than leaf and branch 1itter 

(M::Claugherty et al. 1982; Fogel 1983; 1990). As the principal organs of 

mineraI nutrient assimilation, fine roots are of furx1amental inportance to 

tree nutrition (80wen 1984). Biocyc1ing of N, P, ca, Mg, and K by fine 

roots Is an Inportant cOll'pOnent of nutr lent C}'Cllng in northern hardwood 

forests containlnq augar map1e (Wood et al. 1984; Fahey et al. 1988). 

The parti tionlng of carboh}'drate resources to roots and shoots is 

internally controlled, but is Inf1uenced by environment and tree age 

(Hermann 1977; Waring and Sch1eisinger 1985). Fine root growth normally 

bas priority over stem growth, and should not be limited by carboh}drate 

supply un1ess severe loss of photosynthetic capacity has occurred (Persson 

1983; Hatzner and Ulrich 1985; waring 1987). Mjustments in the 

allocation pattern of carbohldrates to roots and shoots may occur under 

environmental stress, such as 1irrdted nutrient availability (Linder and 

Rook 1984). 

Research into the effects of nutrition on fine root growth in 

tenp!rate forests has focused malnIy on N nutrition, presumably because N 

ls most often the growth Hmi ting factor (Mahendrappa et al. 1986). Fine 

root biomass and turnover (replacement) were found to be greater on 

nutrient (N) poor sites than on roore fertile sites (Keyes and GIier 1981; 

Vogt et al. 1987). Greater allocation of carbohl'drates ta fine roots is 
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considered to be a 10ng-term adaptive strategy for acquiring limited 

nutrient resources (Grier et al. 1981; Vogt et al. 1987). Limited 

retrans1ocation of nutrients fram fine roots prior to senescence (Nant>iar 

1987) and rapid turnover of root tissue contribute to the maintenance of 

a nutrient pool under infertile conditions. 

In sorne investigations greater nutrient availability followinq 

fertllization caused a decrease in fine root biomass and a shift in 

allocation from fine roots to shoots (Vogt et al. 1985; Ah1strôm et al. 

1988). In an experiment examining effects of sil1ll1ated acid rain on 

seedling growth, N in acid rain treatments decreased the root/shoot ratio 

(ReiCh et al. 1987). other research indicates a positive response of fine 

root biomass to fertilization. Alexander and Fairley (1983) determined 

that N fertllization decreased the turnover of fine roots, but increased 

biomass after two years. Safford (1974) found that fine root biomass in 

the northern hardwood forest had increased seven years after application 

of NPK + do10mitic limestone fertilizer. 

High fine root biomass and turnover may a1so occur on acidic soils 

as a mechanism for maximizing nutrient acquisition (Ulrich 1983a; Rehfuess 

1989) . Liming and ferti1ization treat:ments on acidic soils in declining 

West German forests reduced fine root turnover, while bioma5s increased 

after seven IIDnths (Hatzner et al. 1986), or was unchanged several years 

after fertilization (Hurach 1989). Increased fine root bioma5s following 

fertllization may resu1t from lq>roved soil chemica1 conditions, as well 

as an eventua1 increase in the overall growth of the tree (Alexander and 

Fairley 1983; Hatzner et al. 1986). A period of constant or decreased 

root growth may occur while adjustments in carboh~rate allocation take 
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place; thus the timing of biomass measurements relative to fertillzation 

15 irrportant. 

Fine root turnover rates vary with species, as weIl as with site, 

makinq conparisons arrong stams tenuous (Joslin am Heooerson 1987). 

Reliable estinates of fine root turnover are difficult to achieve as both 

productIon and mortallty l'IIlSt be accurately measured (Fairley and 

Alexander 1985; Kurz and Kinmlns 1987). other aspects of fine root 

development such as ramification pattern and spatial distribution may also 

be affected by fertilization, and may not be visible in biomass or 

turnover measurements (Ah1str6m et al. 1988; Murach 1989). 

A rapid decrease in fine root biomass disturbs the root-shoot 

balance at the expense of aboveground parts (HcLaughlin and Shriner 1980; 

Schâfer et al. 1988). Root tissue DIlSt be replaced to maintain the level 

of water and nutr ient uptake required by the tree (Jakuc.'S 1988). Energy 

rray a1so be experded as nutr ients are translocated wi thin the tree to meet 

inmediate demands (Waring 1985). ~ere soil nutrient supply ls limited 

greater investments to fine roots rrust be made to meet demands, or 

nutrient deflciencies may ensue (Oren et al. 1988a). 

Flne root damage ls described as "a condition where the mortality 

rate of fine roots exceeds the regeneration rate with the result that a 

rapid decrease in fine root biomass may take place" (Heiwes et al. 1986). 

Fine root damage bas been observed frequently in declining stands in West 

Gerrrany (Schütt and COwling 1985; Krause et al. 1986; Hatzner et al. 

1986). A primary hypothesis regarding the cause of acute fine root damage 

in declining forests i~l1cates the soil chemical envirorunent; 

specifically, soil solution nutrlent inbalances involving Al, ca and/or Hg 
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resulting from recent sail acidification (H\ittermann am Ulrich 1984; 

Godbold et al. 1988; Matzner et al. 1986; Meyer et al. 1988). Under 

acidic conditions sail solution ca and Hg are frequently low as a result 

of base cation leaching, and concentrations of exchangeable Al are 

relative1y high. Although direct toxicity to roots by Al (Ulrich et al. 

1980; Ulrich 1983b) may occur in very acid so11s, It ls unlikely ta be the 

prevailing mechanism M'lere sail pH is l'OOre rooderate or where organic 

layers promote Al-chelating and detoxlfication (Krause et al. 1986; Bruck 

1989) • 

The presence of roonomeric inorganic Al in soil or nutrient solution 

15 inhibltory to ca am Hg uptake at low pH (Rost-Siebert 1983, cited in 

H\ittermann 1985; Jorns and Hecht-Bucho1z 1985, ci ted in Hurach and Matzner 

1987). The 1'OO1ar ca/Al or Mg/Al ratio in solution best characterizes the 

threshold for inhibition or antagonism: a ca/Al ratio of less than 1.0 and 

a Mg/Al ratio of less than 0.2 interferes with ca and Mg uptake, 

respectively. Due to the pH dependent solubility of Al these ratios are 

possible only at pH values below 4.2 (Matzner and Ulrich 1985). Aluminum 

interferes wi th ca am Hg uptake by displacing ca and Mg from root cell 

wall matrices and reducing the nunœr of exchange sites (Hüttermann 1985; 

Godbold et al. 1988). 

calciwn bas iJ1l)Ortant functions in cell division and renbrane 

stability (Clarkson and Hanson 1980). Replacement of ca by Al restricts 

meristematic activityand reduces ment>rane permeability to nutrient ions, 

both of which may contribute to fine root damage (Cronan et al. 1989; 

Kelly et al.. 1990). Chemical analyses of fine root tissue from declining 

stands indicate that the ca/Al ratio of dead roots ls lower than that of 
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living roots, and that the ca/Al ratio of both live and dead roots 

parallels a decreasing gradient of soil solution CalAl ratio with depth 

(Hurach and Hatzner 1987). Avoidance of unfavorable soil horizons by fine 

roots further limits nutrient uptake (Oren et al. 1988c). Hatzner et al. 

(1986) demonstrated that increasinq soil pH am ca/Al ratio by liming 

treatments irrproved fine root growth and development. 

Poor Hg nutrition is particularly significant to forest decline in 

Europe (Roberts et al. 1989). The effects of disturbed Hg nutrition on 

fine toots are different than for ca. Magnesium deficiencies tesulting 

from Inadequate soU supplyand/or Al antagonism cause damage to need1e 

phloem cells and prevent downward transport of photosynthate for fine root 

production (ZOttl et al. 1989; R. HOttl, pers. COOlD.). llIIOObility of 

photosynthate from foliage under these conditions may also cause feedback 

inhibition of phot08ynthesis (t-t:Laughlin and Shriner 1980). Magnesium 

fertilization resulted in regeneration of phloem tissue and irrproved fine 

root growth (R. HOttl, pers. COllIn.). 

Elementa1 analyses of fine roots by mass spectrophotometry indicate 

extremely low quantities of ca and Hg in the fine roots of declining 

trees, enphasizing the limited uptake of these elements by fine roots 

(Bauch 1983; Hatzner and Ulrich 1985). 

In addition to nutritional disturbances involving ca, Hg and Al, 

nutrient inbalances may also be generated fram an irrproper balance of ca 

to K in soil solution (Zôttl and Hüttl 1986; Zôttl et al. 1989). At high 

concentrations of ca relative to K, ca may Interfere with K uptake and 

irlduce K deficiency. SoUs low in K, as obser\fed in some declining 

forests in Europe and North Amer ica, are susceptible to high ca/K ratios 
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and K defieiencies (ZOttl et al. 1989). The effects of K deflciency on 

fine root developœnt in relation to for est decline have not as yet been 

investigatedi however, K defieiency is known to restrict phloem formation 

and is thouqht to irrpair carboh~rate translocation (Kramer and Kozlowski 

1979; Mengel ~ Kirkby 1987). Histologieal characteristics of K 

deficient needles are similar to those deficient in Hg (Zôttl et al. 

1989) • 

To sUll'llBrize the preceding discussion the following points nay be 

reiterated: 1) fine roots are a critical cont>Onent of the forest 

ecosystem, 2) fine root growth is affected by nutrient availability, 3) 

nutritional disturbanees are known to occur in declining forests, and 4) 

specifie effects of the recognized nutrient deficiencies on fine roots are 

known. 'lbe relationships aroong fine roots and nutrient status e~hasize 

the inportance of determining the role of fine roots in forest decline. 

Models of forest decline processes IIIlSt include fine root dynamics as 

major cODp)nents (Bossel 1986; SchAfer et al. 1988). 

The association of nutrient deficiencies with sugar maple decline ln 

Quebec raises interest about the involvement of fine roots in this 

decllne. Nutrient deficieneies associated with maple decline are similar 

to those observed in Europe, notably Hg, K, and ca (Bernier and Brazeau 

1988a,b,c; Hendershot 1990). Phosphorus deficiencies have been observed 

in Quebec as weIl, although the meci".anism of deficiency is different than 

for the base cations, and may be specifie for local site properties (Paré 

and Bernier 1989a,b). 

Changes to the fine root system which may have contributed ta or 

resulted fram maple decline are unknown, due ta the absence of pre-decline 
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data. Nonetheless, based on the results of West German investigations 

sorne speculations may be made. Several coroitions exist in Quebec sugar 

naple stands which may increase the potential for Al stress (Cronan et al. 

1989), such as high fine root density in surface layers (Fayle 1965), high 

rates of acidic deposition (Hendershot and Jones 1989), and poor supplies 

of ca, Hg, or P (Bernier am Brazeau 1988b; Paré and Bernier 1989a; 

Hendershot 1990). Al though Al is unlike1y to be directly toxic to roots 

in sltes studied to date (Par~ and Bernier 1989a), Al inhibition of ca and 

Hg uptake may be occurring, given the decrcased pH and base saturation of 

Quebec so11s, low endemic nutrlent supplies, and the observed nutr ient 

deficlencies (Gagnon et al. 1986; 'l'hornton et al. 1986; Bernier and 

Brazeau 1988b). Hoyle (1971), usill9 solution cultures representing 

northern hardwcod forest so11s, found that root growth of yellow birch was 

inhibited more when Al W1S superiqx>Sed on ca or Hg deficiencies than with 

elther deficiency alone. 

C31cimn antagonism to K uptake nay be occurring due to low levels of 

K oœerved ln sorne Quebec sol1s (Bernier and Brazeau 1988~). Potassium 

deficlencies observed in declining sugar maple may originate by this 

mechanlsm. 

Apart from the nutritional aspects of fine roots in I1Iëlple decline, 

another point I11lSt be made. The acute climatic stresses to which sugar 

naple W3S subjected to in the early 1980's (unseasonable thaw and frost, 

seant snow cover, and drought) may have caused physical damage to roots. 

Sugar maple tends to shallow rooting, particularly for fine roots (Fayle 

1965) • Roots of northern hardwood species are sensitive to cold 

tesrperatures and are normally protected by snow cover !Auclair 1987b). 
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Episodes of deep frost or poor snow insulation may have caused substantia1 

in jury. Drought may have aiso caused damage by root desiccatlon. 

Physit;al damage by climatic stress may have Hmi ted the capaci ty of roots 

to recover from nutrient stress, or vice versa. 

Research is currently underway in Ouebec to determine the effects of 

fertilization on the nutrient status of declining sugar maple stands 

(Bernier et al. 1989; Hendershot 1990). The objective of the f0110wing 

study \raS to determlne the effects of base-rich fertilizer and liming 

treatments on soil and fine root chemistry and fine root biomass in three 

mature sugar maple stands in Ouebec. 

2.2 Haterials and Hethods 

2.2.1 Study Sites 

Three geographically distinct sites were chosen to study the effects 

of fertUization on fine root biomass and chemistry. AlI sites are 

located in the Great Lakes-st. Lawrence Forest Region (Rowe 1972). The 

Tlnqwick site is located in the Eastern TOWlShips Section of the Region 

(Rowe 1972), at the ministère de l'Agriculture, des Pêcheries, et de 

l'Alimentation du Ouébec (HAPAQ) maple r~earch site 200 km northeast of 

Montreal. The soils are rroderately acid orthic hUllD-ferr ie podzols on 

glacial deposits with rooderate to goOO draindge, loamy sand texture, and 

little stoniness (Anonyrrous 1988). The studyarea i5 churacterized by pit 

and mound topography and sugar maple-beech stands. 

The second site is located in the Laurentian Section of the Region 

(Rowe 1972) 80 km north of Montreal, at the Station de Biologie de 

1. 'Université de Montréal (SBUM) near st. Hippolyte. The solls are acidic 
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orthic ferro-humic podzols on glacial till aver precant>rian bedrock 

(Courchesne 1989). The topography is rolling and large boulders are 

present. Soils are well drained except for depressional areas, and soil 

texture 15 sandy 1oam. The stand contalns mature sugar maple, largetooth 

aspen (PopJlus grandidentata Michx.), and yellow birch. 

Th(~ third site is 10cated in a conmercia1 sugarbush in the Upper st. 

Lawrence Section (Rowe 1972) near Vaudreui l, 40 km west of Montreal. The 

5011s are ortstein hlDllO··ferric podzols (Agriculture canada Expert 

Conmittee on Soil Survey 1987) on shallow sand over marine clay. Rocks 

am boulders are absent and the topography consists of small pits and 

lIWJunds with 9000 drainage on the mounds and poor drainage in depressions. 

Sail texture i5 sand ta loamy sand am the stand contains sugar rraple, 

beech am ree:! maple (Acer rubrum L.). Selected chemical properties of the 

study site soils are given in Appendix 1. 

2.2.2 Field Layout 

Root-free ingrowth cores were used ta determine the effects of 

fertilization on fine root biomass and chemistry (Lund et al. 1970; 

Matzner et al. 1986; Ahl:5trôm et al. 1988). Twenty-one ingrowth cores 

were installed at each site in october 1988. Three cores were installed 

2 m from each of Sf'lven trees within the range (acr05S sites) of 18-35 cm 

diameter at breast height. AlI trees had low decline ratings based on the 

evaluation protocol of Millers and Lachance (1988). 

The cores consisted of cyllndrical 3 mn nylon mesh bags 10 cm 

diameter by 15 cm depth filled with B horizon sail from the same site 

\>ilich had been previously air dried, sieved ta 2 nm, and to which 
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fertilizer treatments had been added. An equal weight of soil (1.41 kg) 

was placed in each core am the fertilizer rate applied was calculated on 

a surface area hasis. The tops of the cores were 1evei wi th the upper 

surface of the first mineraI horizon, with the cores extending into the B 

horizon. Fach core contained one of the following treatments: 

1) organic based fertilizer 3-4-8 (Haplegro) containing b10od, bcnerneal, 

K2S0., and dolomitic limestone at a rate of 800 kg/ha; 

2) inorganic fertilizer 0-3-29 containing triple superphosphate, K2 SO., 

calcite and dolomite at a rate of 1370 kg/ha; 

3) no fertilizer (control), 

with one core of each treatment installed at each tree. The fertilizer 

treatnents were developed for 'JSe in other maple fertilization tr ials, and 

rates used in this study were derived from previously used plot rates. 

The cores were left in the ground until October 1989. Following relOOval, 

the cores were kept at 5°C until processing was coq;>leted. Fine roots «2 

mo) (Fage! 1985) were extracted from the 30il by manual separation and wet 

sieving, washed in distilled water, and dr ied at 60°C for 24 hr. Soils 

were air dried and sieved to 2 RIO. Fine root biomass, fine raot 

chemistry, and sail chemistry were determined. 

2.2.3 Laboratory Analyses 

Root tissue was digested in H2S0. am H202 (Parkinson and Allen 

1975). Exchangeable cations in 30il were determined after displacerœnt 

with 0.1 H BaC12 (Hendershot and Duquette 1986). Analyses of ca, Mg, K, 

Mn in tissue and ca, Mg, K, Mn, and Al in sail were rœasured by flarœ 

atomic absorption spectrophotometry. Total P, N, and Al in tissue were 
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neasured colorimetrically (adapted from Murphy and Riley 1962; Mitchell 

1972; Wllson 1984). Sol1 pH \eS measured in ~ter and 0.01 M cacb 

(She1drick 1984). Total soil carbon was measured with a Lec:o carbon 

analyzer. Duplication and quallty control procedures were inc:luded ln 

each batch of analyses. 

2.2.4 Statlstlca1 Analyses 

Analysis of variance and Duncan 's new nultiple range test were used 

to determlne significant treatment effec:ts at the 0.05 leve! for each 

site. Data from each site were analyzed as a conpletely randomized block 

design on Statistical Analysis System (SAS) (SAS Institute Inc. 1982). 

Tests for homoqenei ty of var iance were done for aIl analyses and data 

transfornations were carded out where nec:essary (Sokal and Rohlf 1973; 

Bhattacharyya and Johnson 1977). Data are presented ln non-transformed 

forme Appendix 2 shows the data requir ing transformation and the 

transformations used. N'lere criteria for hanogeneity of variance could 

not be met no further data analysis was done. 

Regression analysis and JIIlltiple linear correlation were carried out 

with root biomass as the dependent variable and selected root cheadcal 

properties as independent variables. SYSTAT and SYœAPH were used to 

generate regression equatlons and plot toot weight aqainst the independent 

variables (Wilkinson 1988,1989). 
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2.3 Results 

2.3.1 Sail Analyses 

Results of selected chemical analyses of soil removed from ingrowth 

cores following the one year field installation period are presented in 

Tables 2.1, 2.2, and 2.3. Soil chemical data not presented in Tables 2.1 

to 2.3 may be fourd in Appen,Hx 3. 

Significant differences (pSO.05) in exchangeable Ca due to treatment 

were observed at two sites. At Tinqwick Ca values were different aroong 

aIl treatments, with greatest values observed in the organic 3-4-8 

treatment, intermediate values in the inorganic 0-3-29 treatment, and 

lowest values in the control (Table 2.1). At st. Hippolyte, Ca values 

were greater in the two fertilizer treatments than in the control, with no 

difference between fertilizer treatments (Table 2.2). Greater 

exchanqeable Ca values were observee! in the fertllizer treatments than in 

the control treatment at Vaudreuil as weU; however, differences were not 

statistically siqnificant (Table 2.3). 

Significant differences in exchangeable Hg due to treatment occurred 

at Tingwick only. Hagnesiwn values were greater in the 3-4-8 treatment 

than in the other two treatments, with no significant difference between 

the inorganic treabnent and the control. Exchangeable Hg also increased 

in the fertllizer treatments at st. Hippolyte and Vaudreuil although Hg 

values in those treabnents were not statistically different from those in 

the control. 
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( 'fable 2.1: Mean values of selected so11 ~cal PEaped:les, 
'f1ngw1c:k (1F7) 

ca ltJ K CIl: pH 

'lW.A'ItefI' œol(+)!tg HzO 

3-4-8 O.66a O.lla O.Oga 7.01a 4.45ab 

(11.68); (15.76) (7.16) (3.44) (0.53) 

0-3-29 O.55b 0.09b 0.09a 6.61b 4.4Ba 

(9.92) (7.88 ) (8.02) (5.44) (1. 24) 

<nrl'RCI. 0.4le: 0.08b O.Oga 6.35b 4.42b 

( 16.10) (8.84) (11.37) (8.99 ) (0.78) 

base saturation .Al CIIK CalAl ~.Al 

'IREA'l'tCfl' , lIIDœ ratio 

( 3-4-B 12.62a 8S.82b J.S7a 0.l7a O.03a 

(8.51 ) (1.J4) (11.91) (10.33) (16.92) 

0-3-29 11.09b 87.21ab 2.94b O.l4b O.02b 

(9.11) (1.17) (6.68) (11.27) (12.00) 

tXII'œOL 9.4Oc 8B.21a 2.47c O.lle O.02b 

(12.16 ) (1.53) (18.71) (16.74) (9.31) 

Values within elements followed by the sane letter are not statistically 
different (p<O.05). 

+ Coefficients of variation (\) are given in parentheses. 

( 
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..... '1'able 2.2: Mean values of selected soll c::hai.cal pl'operties, 
st. Hippolyte (IF7) 

ca III) K ale pli 

TREA'ftotDft' ~l(+)lkg IbO 

3-4-8 2.22a 0.25a O.oSa 5.0Ja 5.33a 

(16.71)+ (46.30) (17.57) (3.19 ) (1.18) 

0-3-29 2.22a 0.17a 0.07a 5.09a 5.25b 

(9.96) (24.18) (12.92) (5.31 ) ( 1.63) 

CDftRCL 1.81b O.lla 0.06a 4.67b 5.23b 

(14.26) (17.81) (42.95) (8.95) ( 1.01) 

base saturation Al caJK CalAl III)/Aly 

TREA'l'tCfl' ~ .alar ratio 

3-4-8 50.0Sa 49.06a 24.09a 1.4la 0.16 

(16.93) (11.54) ( 20.94) (27."/5) (53.08 ) 

0-3-29 48.31a 50.79a 16.78b 1.29a 0.10 

(5.86) (5.43) (17.66) (11.67 ) (23.49 ) 

42.59a 56.47a 17.98b 1.03a 0.07 

(7.33) (5.50) (37.14) (14.14) (11.94) 

Values within e1ements fol1owed by the same letter are not statistically 
dlfferent (piO.05). 

y Data fai1ed to meet haoogeneity of variance criteria and was not 
analyzed further. 

+ Coefficients of variation (\) are qiven in parentheses. 
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( 
7able 2.3: lIeim valUl!lS of sel.ected soli ch lcal PEop!rtles, Via1r:euil (n=7) 

ca IIJ It al: pli 

'lUATHIM' 4Wil(+)/kg H:aO 

3-4-8 1.6Oa 0.43a 0.07a 4.92a 5.06a 

(11.02)+ (24.12) (25.58) (4.02) (2.01) 

0-3-29 1.59a 0.36a 0.08a 4.84a 5.04ab 

(7.95) (14.06) (22.25) (5.55) (0.90) 

1.44a 0.32a 0.07a 4.95a 4.95b 

(7.81) (16.96) (16.84) (4.36) ( 1.11) 

baH llilturatlan Al CaIK CalAl IIJIAl 
'œEA'lHiNl' , ..,lar ratio 

( 
3-4-8 42.1Oa 56.88a 11.41a 0.89a 0.24a 

( 18.21) (13.11) (21.70) (30.41) (35.93) 

0-3-29 42.02a 57.49a lO.63a O.86a 0.20a 

(4.61) ( 3.62) (11.67) (11.44) (11.82) 

cœmOL l7.0la 62.58a lO.80a O.10a 0.l6a 

(7.12) (4.58) (19.05) ( 11.15) (18.61) 

Values within elements followed by the same letter are not statistically 
diffe:cent (piO. 05) • 

+= Coefficients of variation (,) are given in parentheses. 

( 
.... 

34 



." No differences in the amount of exchanqeable Al due to treatment 

were observed at any site. Alternatively, the percentage of the soil 

cation exchange capacity (CEe) occupied by Al (w,) W3S used as a 

measurement of soil Al status. Differences ln Ul. due to treatment 

occurred at Tingwick only, where \Al valup.s are very high (control=88.2'> 

(Table 2.1). Percent Al decreased in the 3-4-8 treatment cOrrp1red to the 

control. A pattern of decreased \Al in the fertilizer treatments relative 

to the control was observed at all sites. 

The mlar ratio of exchangeable ca/Al increased significantly due to 

fertilizer treatment at Tingwick as a result of both increased ca and 

decreased Al (Table 2.1). The IIOlar ratio wu greatest in the 3-4-8 

treatment and lowest in the control, l:eflecting the highest ca and lowest 

Wù values for that treatment. f.rhe increase in exchangeable ca due to 

treatment without a decrease in \Al at st. Hippolyte did not result in a 

signiflcant increase in the ca/Al ratio. 

Treatment differences in the Hg/Al IIOlar ratio a1so occurred on1y at 

Tingwick. The Hg/Al ratio increased in the 3-4-8 treatment relative to 

the other two treatments, which were not different from each other. As 

with the ca/Al ratio, the increased Hg/Al ratio in the 3-4-8 treatment may 

be attr ibuted to increased Hg am decreased Ul.. 

No differences in exchangeable K due to treatment were observed at 

any site. However, increased ca at Tingwick and st. Hippolyte resulted in 

an increased JŒ)lar ratio of exchangeable calK due to treatment at these 

sites (Tables 2.1 and 2.2). The ca/K ratio was different aJŒ)ng all 

treatments at Tingwick wi th greatest values in the 3-4-8 treatment and 

lowest in the control. At st. Hippolyte the ca/K ratio wa.-.; a1so greatest 
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ln the organic treatment with no difference between the 0-3-29 and the 

control. 

Fertllizer treatment lncreased soil ax= at the Tlngwick and st. 

Hippolyte sites. At Tlngwlck ax= wu greater in the 3-4-8 treatment wi th 

no signlflcant difference between the other treatments. cation exchange 

capaclty at st. Hippolyte was greater in the two fertil1zer treatments 

than in the control, wlth no dlfference between fertUizers. Percent base 

saturation was significantly different amcng aIl treatments at Tingwick. 

Values were greatest ln the 3-4-8 treatment and lowest in the control. 

SoU pH (H2 0) increased in the 3-4-8 treatment at st. Hippolyte and 

Vaudreuil (Tables 2.2 and 2.3). At St. Hippolyte, pH in the organ1c 

treatment was greater than in the other treatments with no differences 

between the inorganic treatment and the control. At vaudreuil, pH in the 

J-4-8 treat:ment \tBS greater than in the control but not different from the 

0-3-29 treatment. At Tirgwick, greatest pH values were observed in the 0-

3-29 treabnent (Table 2.1). 

2.3.2 Fine Root Analyses 

Results of selected fine root chemical analyses and fine root dry 

weight from ingrowth cores are presented by site in Tables 2.4, 2.5, and 

2.6. Fine root chemical data not 91 ven in Tables 2.4 to 2.6 are presented 

in AppencUx 4. 

No significant differences in fine root ca due to treatment were 

observee! at any site (Tables 2.4 to 2.6). Significant differences in root 

K occurred only at Tingwick (Table 2.4). Potassium was lower in the 3-4-8 

treatment corrpared to the other treabœnts. Potassium values in the 
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!'able 2.": Hem valœs of seled:ed fine root cbemcaJ. pEopertles 

'l'REA'ftoUIT 

3-4-8 

0-3-29 

3-4-8 

0-3-29 

and flne root dry wel91t, "l'lngw1ck (n='7) 

ca Mg It 

-VCJ 
1.01a 

(22.14)+ 

0.99a 

(16.98) 

0.93a 

(13.42) 

CalAl 

0.17a 

(34.64) 

0.17a 

(18.37) 

O.lSa 

(17.02) 

4.1Sa 

(24.84) 

2.31b 

(22.04) 

2.37b 

(10.79) 

ItJIAl 
_Jar: ratio 

1.06a 

(15.76) 

0.66b 

(20.88) 

0.63b 

(12.32) 

6.05b 

(18.09) 

7.81a 

(1'7.00) 

'7.83a 

(26.63) 

0.17a 

(20.51) 

0.13b 

(15.26) 

0.12b 

(28.56) 

Al 

4.32a 

(17.58) 

3.95a 

(15.16) 

4.17a 

(7.35) 

cky tei9d: 

(C) 

2.92a 

(20.63) 

2.70a 

(24.16) 

2.83a 

(15.74) 

Values within elements followed by the same 1etter are not statistically 
different (piO.OS). 

+ COefficients of variation (%) are given in parentheses. 
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d , "fable 2.5: ..... val ... of selecbd fine roat cœ.tcallEoperties 
and fine root dry wlc#lt, st. Hippolyte (n=7) 

ca II) J[ Al 

TREA'1't&f1' -..tg 
3-4-8 2.l1a 5.86a 5.87a 2.70a 

( 5.16)+ (26.69 ) (20.02) (15.95) 

0-3-29 2.21a 4.71ab 7.19a 2.77a 

( 15.01) (25.31 ) (26.54) (7.39) 

CDft'R(L 2.1la 3.67b 8.00a 2.70a 

( 15.61) (23.66 ) (22.54) (16.45) 

CalAl IIJIAl CalI{ dEy wight 

TREA'1't&f1' .,lar r:atio--- (C)) 

1 3-4-8 0.54a 2.41a O.36a 1.99a . 
(13.62) (25.75) (17.92) (37.18) 

0-3-29 0.5Sa 1.93ab 0.33a 2.20a 

(14.94) (30.96) (37.82) (33.38) 

0.5Sa 1.51b 0.27a 1.63a 

(28.71) (18.20 ) (21.85) (37.76) 

Values within elements fol1owed by the same letter are not statistically 
different (p~0.05). 

+ Coefficients of variation (,) are given in parentheses. 
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',..' lJIable 2.6: MI!Iim valUM of selected fine root ~cal properties 
iD! fine root cky wei9d:, 'laUdreui1 (n=7) 

ca III) 1 Al 

TREATHIiNl' -VCJ 
3-4-8 2.04a 6.04a 7.86a 1.87b 

(13.35)+ (18.68) (47.21) (9.34) 

0-3-29 2.17a 5.59a 7.13a 2.13a 

(15.36) (30.04) (35.31) (16.92) 

aIfl'RCL 2.18a 5.14a 7.70a 2.18a 

(10.09) (22.01) (38.26) (8.60 ) 

CalAl Mg/Al dry wight 

TREA'l'HDfl' .olE ratio (g) 

3-4-8 0.75a 3.65a 0.28a 1.33b 

(16.25) (25.44) (24.34) (26.00 ) 

0-3-29 0.73a 2.97a 0.32a 1.56b 

(36.81) (28.27) (24.62) (30.58) 

0.69a 2.64a 0.30a 2.01a 

(15.75) (21.14) (27.04) (33.43) 

Values ~thin elements followed by the same letter are not statistlcally 
different (p~0.05). 

+ Coefficients of variation (\) are qlven in parentheses. 
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0-3-29 treatment and the control were not significantly different fram 

each other. 

'lbe 1Nl1ar ratio of CëI/K in root tissue was greater in the 3-4-8 

treatment at Tingwick than in the other treatments, as a result of 

increased soil CalI< and decreased root K in thls treatrnent. Increased 

soi 1 CalI< in the 3-4-8 treatment at st. Hippolyte did not resul t in 

greater root calK. 

Differences in root Hg were observed at Tingwic.k and st. Hippolyte. 

Highest values were observed in the 3-4-8 treatment at both sites. At 

Tingwick root Hg in the organic treatment was significantly greater than 

ln the other treatments with no difference between the inorganic 

fertllizer and the control. At st. Hippolyte Hg WB also significantly 

greater ln the 3-4-8 treatment than the control, but not signlflcantly 

greater: than ln the 0-3-29 treatment. Root Hg values were greater: in the 

fertiUzer treatments than ln the control at Vaudreuil as weIl, although 

differences were not significant. 

Slgnif1cant differences in root Al were observed at Vaudreuil only 

(Table 2.6). Aluminum was lower in the 3-4-8 treatment than in the other 

treatments, and the two other tr.eatments were not slgnificantly different 

fram each other. No response in the ca/Al nolar ratio WiI8 observed at any 

site. The l'IDlar ratio of Mg/Al increased in the 3-4-8 treabnent at 

Tingw1ck and st. Hippolyte, following the Sarll! pattern in each case as 

observed for Hg. 

Significant differences in root biomass due to treatment were 

observed at Vaudreuil only (Table 2.6). Root weight was lower in the 3-4-
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8 and the 0-3-29 treatments titan in the control. 'l'here was no significant 

difference in root weight between the two fertillzer treatments. 

2.3.3 Regression Analysis 

Multiple linear corT'elation was used to c~e observed am 

predlcted values of fine root biomass generated from regresslon equatlons 

using selected root chemical properties as independent var iables. 

Regression equatlons, correlation coefficients, and plots of root weiqht 

vs. independent variables are shoN'l in Fiqures 2.1 and 2.2. Fiqure 2.1 

indicates a negative relationship between root Mg concentration and root 

welght, and Figure 2.2 indicates a positive relationship between root Al 

concentration and root weight. 

2.4 Discussion 

2.4.1. ~isons Amng Sites 

Fertilizer response varied over the three sites used in thls study. 

Host of the significant treatment responses in measured parameters 

occurred at Tinqwlck, while similar, non-siqniflcant patterns in response 

were observed at the other tM) si tes. Soil nutr ient statua was poorest at 

Tingwick, as illustrated by the lowest observed values of sail 

exchangeable ca and Hq, , base saturation, Ca/Al and Mg/Al ratios, and pH, 

and hlghest values of exchangeable Al and \Al. 'ftle highest CEX:'! and lowest 

base saturation values at Tlngwlck Indicate the greatest potential for 

response to base-rich treatments by replacement of Al with base cations. 

Fewer responses ln root and soU chemistry were observed at st. Hippolyte, 

where , base saturation was qreatest, than at Tingwick. Very little 
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Figure 2.1: Root weight (g) vs. root Kg concentration (ag/g) 

root weight = 3.05+(-0.21) (root Mg) 
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Figure 2.2: Root weigbt (g) vs. root Al concentration (.9/9) 

root weight = 0.59+(0.52) (root Al) 

I!orrelation of observed vs. predicted values: 

~=0.41, p<O.OOl 

o Tingwick, 1t St. Hippolyte, .J.. Vaudreuil 
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response of soil and fine root cheml.suy to fertilizer treatment was 

observed at the Vaudreuil site. 

2.4.2 Response Patterns Within Sites 

Fert111zer treatments had significant effects on root and soil 

chem1cal properties at al! sites and on fine root biomass at one site. 

Fertllizer response most frequently folloWll!d one of three patterns. The 

first type of response involved significant differences aroong al! 

treabœnts with greatest values occurrinq in the organic 3-4-8 treatment 

and lowest values in the control. This response wu observed at the 

Tingwick site in soil exchanqeable Ca, Ca/Al ratio, ca/K ratio and , base 

saturation. A second response resulted in a significant difference 

between the fertiUzer treatments and the control, with no difference 

between the t\«) fertilizer treatments, as was observed in soil ca and csx: 

at st. Hippolyte Mi root weiqht at Vaudreuil. The third response 

resulted in a significant difference between the 3-4-8 treatment and the 

other treatments, with no difference between the 0-3-29 treatment and the 

control. 'Ibis response W!IS consistently obser:ved in measurements 

involving Hg (soil exchanqeable Hg and Hg/Al ratio am root Hg and Hg/Al 

ratio) at Tingwick, as well as for root Al at Vaudreuil and root K at 

Tingwick. A significant difference between the 0-3-29 treatment and the 

two other: treabnents WiIS obser:ved only for soil pH at Tingwick. 

2.4.3 Soil Chem1cal Response 

Fertil1zer treabnent generally izrproved soil chemical conditions by 

increasing soU ca, Hg, ca/Al and Mq/Al ratios, CEC, , base saturation, 
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and pH, and by decreasing \Al on the exchange cOl11llex. An adverse 

treatment response WiI5 an lncrease in sol1 ca/K ratio at Tinqwlck and st. 

Hippolyte resulting fram ina\!aSed exchangeable ca ln the fertilizer 

treatments without a correspondinq increase ln exchangeable K. Lack of K 

response to treatment 121 \D'lexpected, partlcularly in the high K (0-3-29) 

treatment. The high mbility of K in so11s likely resulted in uptake or 

leachlng of fertilizer K withln the year followlng fertillzation. 

Decreased root K and increased root ca;K ratio in the olganic fertlllz,,,r 

treatment at Tingwick likely resulted fram increased sol1 ca and CaIK in 

thls treatment. 

2. ..... Root Olem1cal RespoJ1l5e 

Favorable treatment response in fine root chemistry was li mi ted to 

increased Mg and Mg/Al ratios at Tingwick and st. Hlppol}te, and decreased 

Al at Vaudreuil. Response in root Hg and Hg/Al ratio to fertilizer 

treatment at Tingwick and st. Hippolyte suggests the possible Involvement 

of Hg in nutrient inbalances at these sites, where so11 exchangeable Mg 

and Mg/Al ratios are lowest. However, Increased root Mg and Hg/Al ratios 

did not result in an increase in root bionass as would he expected 

followlng alleviation of Hg deficiencies (Zôttl et al. 1989). figure 2.1 

shows root weight values plotted against root Hg values. 

Root tissue CalAl ratios are greater at aU sites than threshold 

values for living fine roots of Honay spruee (0.10) ard European beech 

(0.06) found in West Germany (Hurach and Hatzner 1987). .Adequate Ca/Al 

ratios and lack of response in root Ca or ca/Al. to increased soil Ca at 
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Tingwick and St. Hlppolyte lrxUcate that ca is not l1mi ting for roots at 

these si tes • 

Lim1ted changes in fine root mineraI nutrient concentration 

fol1owing fertll1zation have been observed e1seW1ere (Ahlstré5m et al. 

1988) • The element concentration of fine roots 15 representative of 

fluctuating 5011 conditions and is not as consistent an Indicator of 

nutrient statua as foliar nutrient concentrations (Z6ttl and HQttl 1986; 

Oren et al. 1988c). 

2.4. 5 Root Blomasl!S Response 

Greatest fine root bionus in the control treatment was observed at 

Tingwick. This findinq 15 consistent with observations that fine root 

blonass and turnover are greater on nutrlent poor and acldic so11s than on 

fertile soi1s (Kel"!S arx! Orier 1981; Rehfuess 1989). Although fine root 

turnover generally decreases with fertllization, the response of fine root 

blomass i5 variable (Vogt et al. 1985; Hatzner et al. 1986) and is closely 

related to the timing of measurement relative to fertilization (Alexander 

and Fairley 1983). 'l11ree phases of response in root biomass to 

fertl11zation may be anticipated. Flret, an initial increase in fine root 

blonass may occur in the short term fram inprovement of adverse soil 

chemical conditions (Hatzner et al. 1986; Kishchuk and Hendershot 1989). 

Second, within a period of one or two years a decrease in fine root 

bionass may occur as turnover decreases, less root volume is maintained 

for soil exploitation, and IIVJre carboh}'drates are partitioned to foUage 

production (Alexander and Fairley 1983). Fina11y, an increase in fine 

root biomass may result fram an overall augmentation of tree biomass. 
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In this study fine root biomEUSS was measured once wl thout estinates 

of turnover, permitting only a static view of the effects of fertilization 

on fIne roots. The assUJll)tion ls made that ingrowth core sanpling 

represents localized root fertilizatlon and is unl1kely to br Ing about 

long-term changes in tree biOllB8s. A decrease in root biomass occurred 

only at Vaudreuil, the site showing the least tesponse ln soil base cation 

propertles, indicating that the decrease in fine root blomass has not 

resulted directly from an increase in soil base cations. 

Decreased root bionass at vaudreuil W1S accœpmied by a decrease in 

root Al in one treatment. Investigations of Al toxlcity in trees are 

largely limited to seedling studies, ~lch iooicate inconsistent or weak 

negative correlations between toot tissue Al and root biomass (Joslin am 

Wolfe 1988; DeWald et al. 1990; Raynal et al. 1990). In this study, a 

positive telationship between root Al and root biomass was found. The 

correlation of observed and predicted values of root biomass estimated 

from root Al i5 signlf1cant (p<O.OOl) (Figure 2.2). Decreased toot 

bionass at Vaudreuil in the 3-4-8 treatment seerœ JŒ)re related to 

decreased root Al than to an increase in soil base cations. 

Root biomass alone may not be an adequate iBlicator of response to 

Al (Kelly et al. 1990). AllDlÙnum causes changes in toot branchinq and 

morphology resultlng ln thicker roots with swollen apices (Andersson 1988; 

cronan et al. 1989), which may confound biomass measurenents. In solution 

culture Al treatments, Schier (1985) found that decreased root length was 

conpensated for by increased root dlameter, tesultinq in no net blomass 

change. Root elongation was found to be more sensitive ta Al than biornass 

(Raynal et al. 1990), am both decreased latetal root nunt>er and increased 
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root length were observed at sorne solution Al concentrations (Sucoff et 

al. 1990). The ntJlli:)er of living root tips Wi!IS neqative1y correlated with 

5011 Al ln forest 1501115 (Meyer et al. 1988). Root responses to Al which 

result in decreased absorptive surface area, such as decreased e10ngation 

and Increased diameter, are nore functionally irrportant than changes in 

bi~s (Andersson 1988; Kelly et al. 1990). MYcorrhizae are qenerally 

not considered in Al toxicity studles but may also be inportant in 

altering nutrient absorption properties of fine roots (Keltjens and van 

Loenen 1989; Raynal et al. 1990). 

The positive relationship between root Al and root biomass in this 

study suggests that Al nay be dlrectly affecting root biomass, po8sibly 

throuqh changes in RlJrpholoqy or ramification pattern. This 115 supported 

by hiqhest root Al concentration and root bicaass values at Tingwick where 

soil Al is greatest. Aluminwn treatment did not cause chanqes in the 

appearance or III)rphology of sugar naple roots in solution culture 

(Thornton et al. 1986). Root measurements other than biomass such as root 

tip nlDlber or root length, sorne of tolhich may be correlated with root 

biorœss (Joslin and Wolfe 1988), W)uld provide IOOre specifie information 

about the effects of 15011 chem1stry on fine root biomass in forest 

conditions • 

Decreased root Al due to treat:ment only at the Vaudreuil site is 

unexpected, as this response would be nœt anticipated t4here soil Al is 

high and , base saturation is 10w. Replacenent of Al on soil exchange 

sites by fert11izer base cations results in lower Al concentrations in 

fine root tissue (HUrach 1989). Treatment response in root Al was absent 
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at Tingwlck, where highest values of 5011 exchangeable Al and \Al. and 

lowest values of , base saturation were found. 

Replacement of exchangeable Al with base cations in the fertilizer 

treatments llkely occurred at ail sites. However, due to the higher œ::: 

and very hlgh %Al. at Tingwick the reductlon of Al in the rooting 

envirol'lœnt was less than at Vaudreuil and not sufficient to decrease root 

Al uptake significantly. The smaller quantity of exchangeable Al and the 

coarser texture of the Vaudreuil soil contributed to roore effective 

leaching of Al displiICed from soil exchange sites into soil solution, 

resulting in less uptake by fine roots. Decreased root biomass at 

vaudreuil occurred in both fertilizer treatments, although root Al. was 

decreased only in the 3-4-8 treatment. The addition of organlc mater laIs 

in the 3-4-8 treatment my have increased Al-organlc matter binding and 

further decreased Al uptake (Joslin et al. 1988). 

2.5 Conclusions 

Response of fine root and so11 chem1stry to fertilizer treatment was 

observed at aU sites investigated ln this study, with effects varying 

among sites. Greatest treatment response in soil and fine root chemistry 

occurred at Tingwick, where soil nutrient status was generally ill'llroved by 

base cation fertillzation. Fertilizer induced nutrient irrbalances, such 

as an increased Cc1/K ratio, are nœt likely to occur at sites such as 

Tingwick M'lere soil nutrient status is very poor. 

calcium does not appear to be linù.ting for fine roots of sugar maple 

at any site, as root Ca and Ca/Al ratios were unaffected by increased soil 

ca. Increased root Hg and Hg/Al ratios indicate that Hg may be limiting 
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at Tlngwick aM st. Hippolyte. Increased root Hg coincident wi th 

decreased soU Al suggests that Al may be inhibi ting Hg uptake at 

Tingw1ck. Fertilizer treatment had no effect on soil K at any site. 

Bath the organic )-4-8 am the inorganic 0-)-29 fertilizer 

treatments had effects on root aM soil chemistry. Of the two 

fertilizers, the )-4-8 most often resulted in significant treatment 

differences, particularly for pararœters of root and soil Hg. The reason 

for DlJre treatment response in the 3-4-8 treatment Is not known, but may 

be related to a higher Mg/ca ratio ln this fertilizer than in the 0-3-29. 

The addition of N, or of P in organic rather than Inorganic form, mayalso 

have affected treatment response. 

Fine root biomass rray be Influencee! by both 5011 nutrient status and 

soil Al. The effects of these properties on blomass nust be separ:ated in 

order to determine the response of fine roots to fertilization. The 

response of fine roots to Al under field c.'Jnditions IIIlSt be evaluated, 

particularly with respect to alterations ln fine root roorphology and 

function which may Interfere with nutrient assimilation. As weIl, the 

effects of increased base cation statua on roots in the absence of Al 

stress IIIlSt be knm«t. Deviations from the expected response in the 

presence of Al may then instigate investigation of the interactions 

between soil nutrient statua and Al. Use of a fine root response 

parameter other than biomass would further clarify the effects of 

fertllizatlon on fine roots. 

Ingrowth corea are a means of measur ing the response of a spatially 

limited subsaJlt)le of fine roots to fertilization under field conditions. 

The method does not provide information about the effects of whole-tree or 
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stand fertilization on the rooting system. To fully understand the 

response of fine roots to fertilization, entire tIees or stands nust be 

con.csidered in order that changes in tree bionass production am 

carbohl'drate allocation to fine roots may be determined. Heasurement of 

fine root turnover rates before and after fertil1zation, in addition to 

characterization of the effects of soil chemistry on fine roots, would 

provide IIDre c~ehensive information about the response of fine Ioots to 

fertilization. 
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CoMectinq Paragraph 

In the precedinq experiment, the effects of base-rich fertilizer and 

1iming treatments on fine root and solI chemistryand fine root biomass in 

sugar maple stands wer:e determined. Another response of suqar IIBple roots 

to inproved nutrient status by fertllization may be expected to occur in 

the starch content of larger dlameter roots. In the second part of this 

study, the effect of fertllization on the starch content of structural 

roots WiUS measured. 
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a.pter 3: Bffect of Pertll1zatlon an Root starch Content of 

SUgar Maple 

53 



3.1 Introduction 

car:boh}'drates produced by plants in excess of demarx!s for structure, 

maintenance, and growth are stored as reserves (Glerum 1980). In trees, 

carboh}'drate reserves accœulate mainly in the bole, stunp, and roots >0.5 

cm dlameter, and occur prinarUyas starch (Q1~ds et al. 1977; Glerum 

1980; waring and Schlesinger 1985). The principal role of reserve 

carboh}'drates ls to provide energy and materials for metabolic acti vi ty 

when photosynthate is not being produced (Kramer and Kozlowski 1979). As 

well, stored carboh~rates facilltate recovery fram defoliation, increase 

resistance to pathogen attack, and fonction in the cold acclination of 

certain species (tfanlon 1981; ostrofsky an! Shigo 1984; Gregory et al. 

1986) . 

Reserve carbohydrates such as starch are particularly inportant in 

declduous species for metabolism during the leafless winter period and for 

growth of shoots and roots prior to leaf emergence (Kramer and Kozlowski 

1979; waring and Schlesinger 1985). starch accunulation in large roots of 

hardwoods precedlng radial growth represents a mechanism for ensur ing 

adequate energy reserves ln the spring (Wargo 1979). 

Starch reserves exhibit seasona1 variation in deciduous trees 

(Glerll1l 1980; Bonicel 1987). GeneraUy for northern hardwoods, starch 

begins to acctU1I.11ate in late sunmer as growth slo\l6, reaches a maxil1lJlll 

with leaf faU, declines slightly through the winter, and decreases 

rapidly in the spring as shoot growth begins (G1erum 1980). The ability 

of deciduous species to maintain seasonal patterns of carboh~rate 

depletion and ~lation are important in competitive and successional 

strategies (HcLaughlin et al. 1980). 
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starch content is an index of the physiologica1 condition and 

performance, or vigor, of a tree: high starch content indicates qood 

vigor; converse1y, low starch content is indicative of paor vigor (Wargo 

1981) • A Syrlt)tom of decUning trees is low reserve carbohydrate content 

(Manion 1981). In relation to forest decline, the starch status of trees 

bas been stl,Klied main1y where insect defollation and cllmatlc stress have 

been primary causal factors. Examining the effects of defo11ation, Wargo 

et al. (1972) found that sugar maple :root starch leveis decreased with 

increasing frequency and severity of defoliation. Hortality of defo1iated 

sUCJar maple WiUS associated with xylem starch depletion caused by late 

season defoliation (Gregory and wargo 1986). starch content of conUer 

twigs was fourd to be a usefu1 predictor of post-defoUation survival 

(Webb 1981). 

The effects of cl imatic stress on root starch content have also been 

invest1gated. Parker and Patton (1975) showed that drought alone reduced 

root starch 1evels of black oak (Ouercus vel utina Lam.), and reductions 

were greater in cOJàJination with defoliation. Gregory et al. (1986) fouro 

that co1d stress following 1ate season defo1iation of sugar maple caused 

carboh}Ùrate dep1etion in shoots and roots, poor cold acclimation 

resu1ting from 10w starch reserves, and contributed to decline. 

In the preceding exarrples, reduced starch content resuited from 

inciting or acute stresses associated with decline, as described by Manion 

(1981) . In sugar map1e, declining starch 1evels may then stinulate 

contributing stress factors such as shoestrill9 root rot (Wargo 1972). 'nle 

breakdown of starch in SUCJar maple is acc~ied by an increase in the 

reducing sugars glucose and fructose, Wlich are favorable substrates for 
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the fungus (Wëlrgo 1972; Parker and Houston 1974). Bioassays indicated 

that fWlC}US growth was greatest on tissue from defoliated trees, and 

cor:responded to the tissue undergoing the IOOst starch conversion. 

'ftle extent to whlch storage carboh}'drates become dep1eted is 

Influenced by environmental factors other than the inciting stress 

(HcLaughlln and Shriner 1980). Starch reduction following defoliation in 

Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) was greater on poor 

sites than on nore productive sites (Webb am Karchesy 1977). Recoveryof 

sugar maple following defoliation was also related to site quality 

(Gregory am Wargo 1986). Ozone pollution also causes reductions in root 

carboh}'drates (Tlngey et al. 1976; HcLaugh1in et al. 1982); 03 exposure in 

conbination wl th other stresses ...nich reduce carbohydrates may result in 

serious depletion of starch reserves (Gregory et al. 1986). 

Many of the cw:rent forest declines ln Europe and North Amer Ica are 

associated with nutrient deficiencies or illbilances (Z6ttl et al. 1989). 

As with fine roots, research into the effects of nutrient status on starch 

content has focused nainly on N nutrition, as weIl as that of P. Under 

conditions of low nutrient availabUity, nonstr.u~tural carboh}Ùrates 

accwrulate as growth is limited by elements other than carbon (Matson and 

waring 1984; Hc::Donald et al. 1986). Ill'Provement of nutrient status by 

fertilization reduces carboh}'drate reserves as the demand by growing 

parts, or sink strenqth, increases (Ericsson 1979; Shaver and Olapin 

1980). In contrast to defoliation or climatic stress, N or P limitation 

would thus be expected to increase starch content relative to unstressed 

trees. The net result of si1lll1taneous nuaient stress, defoliation, 

and/or climatic stress does not appear to have been investigated. 
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The effects of nutrient deficiencies other than N or P on 

carboh)'drate storaqe has not been well documented. A recent study of 

carbon relations in West German stands indicates that declining trees 

acc\DIIllate less storage carboh)drate than hea1thy trees (Oren et al. 

1988b). As weIl, carbohydrates in decl1ning trees were utilized at a 

lower ratf.: and growth was less than in healthy trees. Differences could 

not be attributed to cl1mate, cmrpetition, or stand structure. Lower 

rates of photosynthesis resulting from need1e damage, and low sink 

strength of declining trees due to deficiencies of nutrients such as Mg or 

K were sugqested as reasons for lower rates of carboh)drate accUJll.llation 

and utilization. Deficiencies of nutrients other than N or P may 

therefore decrease root starch content indirectly through çarbon 

assimilation processes. 

The starch content of sugar maple bas been investigated previously 

in relation to insect defoliaticn (Wargo et al. 1972; Parker 1974; Gregory 

and trlsrgo 1986; Gregory et al. 1986). In hard"«)ods, the starch content of 

roots is a reliable indicator of starch status (wargo 1978). The starch 

content of roots is three to five times that of stems, making fluctuations 

easier to detect. Root starch ls less subject to teq;>erature induced 

biochemical reactions than stem starch and ls therefore roore stable. 

Wargo (1976, 1981) foWld that roots of sirnilar diameter and sarrpled at the 

Sam! distance from the trunk showed little variation ln starch content, 

and that single root sarrples were representative for a tree. 

The seasonal pattern of sugar maple star ch content i5 regular and 

predictable, thus deviations from normal patterns are readily detectable 

(Wargo 1971). Root :3tarch in sugar maple was fourxi to be a better 
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indicator of physiological condition than crown condition or twig growth, 

and indicated reductions in tree vigor W'1ich were subsequently manifest as 

canopy dieback (CëŒroll et al. 1983). 

Research ls currently be ing carr ied out in Quebec to determine the 

effects of fertilization on the health of dpr.lining sugar maple stands 

(Bernier et al. 1989; Hendershot 1990). The objective of this study W!IS 

to deterndne the effect of fertilization treatments on the root starch 

content of mature sugar maple trees. 

3.2 Mater ials and Hethods 

3.2.1 Study Sites 

Two sites established for sugar maple fertilization trials and 

foliar .malysis Wl!!re sanpled for root starch. Bath sites are located in 

the Great Lakes-st. Lawrence Forest Region (Rowe 1972). The first site is 

located in the Eastern Townships Section near Cookshire, 175 km east of 

Montreal. 'ftle stand is in a previously exploited suqarbush on a dystric 

brunisol (Agriculture canada Expert Conndttee on Soil Survey 1987). The 

second site is in the Laurentian Section of the Region (Rowe 1972), 80 km 

north of Montreal at the Station de Biologie de l'Univp.rsité de Montréal 

(SBltI) neaz. st. Hippolyte. The plots sarrpled for root starch at the SBUH 

are adjacent to the ingrowth core study area (Chapter 2.2.1), 

3.2.2 Sampling and Laboratory Analysls 

The Cookshire site contains eight plots fertilized in June 1987 with 

the following treatments: 1) caro3; 2) KzSO. 3) organic based 4-4-8 

(blood, bonemeal, K2 SO., and dolomitic limestone); 4) CaHg(CXh>Z + K2 SO., 
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5) caco3 + K2S04; 6) control; 7) caHg (CXh ) 2; and 8 ) (NH4 ) 2S0. • Four 

hundred kg/ha of each mater ial was appl ied; thus treatments 4 and 5 each 

received 800 kg/ha of fertllizer. 'nle treatments were designed to test 

the hypothesis that maple dieback w:œ related to deficiencies of base 

cation nutrients. Anmonium sulphate was used to determine the effects of 

an acidi fying treatment on fol iar nutr ient status. 

'ftle st. Hippolyte site contains six plots, half of which were 

fertil1zed in June 1989 wlth a mixture of KzS04, CaQ)" and caHg(CXh) '3 at 

a rate of 500, 250, and 250 kg/ha respectively. The remaining plots were 

not fertilized. 

SaDpling W!IS done in NoveDtler 1988 and Novenber 1989, following the 

methodology of Renaud and Hauffette (1989). Four mature sugar maple trees 

per plot at Cookshire am six trees per plot at st. Hippolyte were 

s~led. ~ root sections 0.5 to 1.0 cm diameter am 15 cm length were 

taken at opposite sides of each tree 2 m from the trunk. Sarrples were 

taken from the B hor izon. The roots were de-barked and kept on ice unt i 1 

transported to laboratory facilities. Roots were inmediately rinsed in 

distUled water am oyen dr led at 600 e for 24 hr. Sall1;)les were qround and 

the two sëIII\'les par tree conbined. Anal ... 'l'l lS for starch content \oSS done 

by high pressure liquid chromatography (HPLC) (Renaud and Hauffette 1989). 

3.2.3 Statistlcal Analyses 

AlI statistical analyses of root starch data were carried out using 

SYSTAT (Wilkinson 1989). Analysis of var iance and Tukey' s test were used 

to determine treatment effects at the COokshire si te in each sarrpling 
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year. Homogeneity of variance weas tested prior to analysis by Bartlett's 

test. Palred t-tests were used to determine differenc:es between treatment 

means of the two years. 

For the St. Hippolyte site, analysis of covariance to determine 

treatment effects WIS performed wlth the pre-fertilization root starch 

content as the covariate. At-test was performed to test treatment 

differences in 1989 data. 

3.3 Results and Discussion 

Results of starch content analysis of roots at the Cookshire site 

are presented ln Table 3. 1. Values from the control treatment are s imilar 

to those found for sugar maple by Renaud and Hauffette (1989). No 

dlfferences due to fertilizer treatment were observed in 1988, while some 

treatment differences were observed in 1989. 

For 1989 data, root starch contents of the 4-4-8, caHq(a);w)..z + 

KzSO .. , CaCXh + KzSO., ard caHg(OO:.)z treatrœnts were significantly greater: 

(pSO.05) than the (NH.>ZSO. treatment. No differences were observed 

between the control ard any other treatments. Lower rates of carbon 

uptake and storage carboh)Ûrate .~lation may result from follar damage 

caused by nutrient (e.g. Hg) deficiencies (Oren et al. 1988b; Zinmermann 

et al. 1988). In this study, lower starch content ln the (NH.>ZSO. 

treatment may have resulted from decreased carbon assimilation arising 

from acidification induced nutrient deflciencies. Decreased root starch 

content in the (NH.)zSO .. treatment may also have resulted from increased 

carbohydrate demand by other plant parts following N fertilization 

(Ericsson 1979; Shaver and Chapin 1980); however, starch content w:iS 
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'l'able 3.1: M8In valu. of root starch content, CDdœhire 
(, dEy tei_, 

!RBAtIIIIrr 

cam:. Je.,. 4-4-8 C'.aMg( ab, 2iK:zSD. 

1988 11.77a 11. 22a2- 11.16a lS.34a 

(19.73)+ (11.52) (24.40) (17.76) 

1989 15.61ab 14.51ab 17.31a 16.65a 

(11.26) (10.36) (24.65) (17.64) 

'IRBMIa!' 

cam:. + <DftlD. caMI) ( m:.':a ( ..... ,:aSO. Je.,. 
1988 11.1oa 12.69a 12.88a 9.08a 

(39.26 ) (8.01) (26.82) (16.77) 

1989 16.08a 14.20ab 16.61a 8.87b1 

(8.99 ) (24.52) (13.54 ) (33.25) 

Values fram the sam! year followed by the same letter are not 
statistically different (pSO.OS). 

n=4 except \II1ere indicated by 2- n=3 

+ coefficients of variation (%) are qiven in parentheses. 

table 3.2: Meim valUl!lS of root starch content, st. Hippolyte 
(, dry wight) 

1988 (pre-fertilization) 

1989 (post-fertilization) 

2. n=17; 2 n=18 

12.862 

(20.80)+ 

14.692-

(17.36) 

f CôêlficlentS of variation (\) are qiven in parentheses. 
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13.212 

(26.11 ) 
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Increased ln the ether N-contalnlng ( 4-4-8) treatment. No other 

measurements of carbon metabollsm were made in this stooy. 

Increased root starch content ln the treatments recelving the 

doubled rate of fertll1zer material, the dolomltic limestone treabnent, 

and the base-enrlched organlc treatment Inplles that root starch content 

15 related to soil base cation status. Lack of signlficant dlfferences 

between the base-rlch treatments and the control, and the acidifylng 

treaanent and the control, irdicates that the 50115 at this site are 

nelther sufficiently depleted of base cations to respond to low rates of 

enrichment, nor are they signiflcantly different fram the acidified 

treatment. Correlations between solI chem1stry and root starch content 

IMy clar:1fy these relationships; however, soil chemistry was not measured 

in thls study. 

Absence of treatment effects ln 1988 demonstrates that a response in 

root starch content to fertillzatlon may take several years to occur. 

Wlth the exception of the (NH .. l2SO. treatment, Mean values of 1989 starch 

content are qreater than 1988 values for the same treatment. Paired t-

tests of 1988 and 1989 treatment mans show that the differences between 

the two years are not significant. However, the appearance of treatment 

differences ln 1989 lrdicates that changes in starch content have occurred 

between 1988 and 1989. Further sanpling would determine whether treatment 

differences are malntained. 

Mean values of root starch content of s~les from st. Hippolyte are 

presentee! in Table 3.2. Anal}lSis of covariance \taS carried out on post-

fertll1zatlon (1989) data uslng the pre-fertllizatlon (1988) starch 

content as the covariate. No significant difference between the root 
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staxch content of fertilized and unfertllized trees was foWld. As well, 

no significant difference between the starch content of fertUized am 

unfert11ized trees WB obeerved ln the 1989 data a10ne using at-test. 

Post-ferti1ization sanpling WiIS done approximately five mJnths 

following ferti1ization. Based on the Cookshire results, it ls l1kely 

that this was insufflcient time for a response to occur. Further s~l1nq 

at thls site as well should provide evidence of treatment differences 

wi thin several years. 

3. 4 Conclusions 

Significant differences in root starch content among fertil1zer 

treabœnts were ObServee! at the Cookshire site two am a half years 

following fertilization. The lower starch content observed in the 

(NH .. )2SO.. treatment may have resulted from base cation deficiencies 

induced by 15011 acidification. More supporting infornation, such as soU 

chem1stry ard carbon assimilation data ls necessary to derlve conclusive 

results about the relationship between nutrient status am starch content 

of suqar naple. 

Results of ferti1ization at both Cookshire am st. Hippolyte 

indicate that response in root starch content to fertilization rnay take 

several years. Starch content measurements should be continued in these 

stands, in conjunction with soil chendstry and carbon metabolism 

investigations . 
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4. Conclusions 

Nutrient deficiencies associated with decreased soil base cation 

statua are thought to be involved in the decl1ne of sugar naple in Quebec. 

a.anges in soil chemistry occurring prior to or coincident with decline 

cannot be verifiee! without pre-decline data. Fertilizer treatments 

provide a means of observing the response of soil and plant tissue to 

iaproved soil nutrient status. In the research presented in precedinq 

chapters, effects of fertilizer treatments on fine root chemistry and 

biOl'Ri!lSs and on the starch content of larger roots were evaluated. 

In the fine root study, significant differences existed among sites, 

ani consequently response to treatment varied with site. Effects of Al on 

fine roots in these stands do not appear to involve direct toxicitYi 

however, further investigation i8 required to determine the role of Al in 

nutrient uptake under field conditions. Understanding of the effects of 

both Al and base cation nutrition on fine roots will facilitate 

Interpretation of fine root response to altered soil chemistry. 

'lbe method used in this study places limitations on the information 

\oIhich nay be obtained. Investigations of fine root response to 

fertilization should Include data regarding changes in carboh~rate 

allocation patterns of trees and fine root turnover rates. To assess the 

effects of fertilization on entire trees, entire trees or stands should be 

treated. 

Responses in fine root turnover am fine root chemistry or 

physiology to fertilization should initially be segregated, and integrated 

only after indivicàual effects have been determined .. 'nle ingrowth core 

method should be effective in estinating fine coot turnover if large 
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nUlltM!rs of cores are installed and saq»led at intervals. This method 

reduces the hetel'ogeneityassociated with alternative methods of fine root 

sClq)l1ng for biOl'l8Ss am turnover:, such as conventional soil cores. 

Investigations involvil'l9 the effect:s of so11 chem1cal parameters on 

fine l'oots should be done in as natural an environment as possible. The 

disturbance of soU horizons involved in inqr:owth core establishment 

l'educes the valldity of this method for evaluatinq the effects of soil 

chem1stryon fine roots. For these investigations, urdisturbed sol1 cores 

should be cons idered • 

In the root starch study, circumstantial evidence indicates that the 

root staI'ch content of sugar maple WiIS influenced by soil chemical 

conditions several years following fert11 izat ion. Correlation of root 
1 

staI'ch data with soil chem1cal data would permit testing of the hypothesis 

that the root staI'ch content of sugar naple 18 decreased under: conditions 

of low soU base cation status. Data on the influence of fertil1zation on 

carboh)ldl'ate allocation patterns would provide l'lOre information wi th which 

ta evaluate l'esponses in starch content. 

The results of both studies indicate that l'lOre cOll'fi)rehensive 

information about the response of trees to iJq?roved nutrient status ls 

necessary to evaluate the effects of fertllization on roots. 

Speciflcally, l'esponses in carboh~rate production and allocation ta a 

range of nutrient conditions IIIJSt be knCM"l in arder ta J:ecognize effects 

resultinq fram fertilization. tinking calboh)'iJ:ate response with soU and 

tissue chemical J:e5ponse 18 necessaJ:y to interpret the effects of 

feJ:t11ization on sugar maple roou. Integration of the responses of other 
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ecosystem cOIII)Onents to fertllization will eventually permit better 

urderstandinq of the role of forest nutrition in maple decl1ne. 
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JgJen:'Jlx 1: 8elected ~ca1 pEopertles of st:udy site B horizons 

'1'lngwlck st. Hippolyte Vallkeuil 

horizon Bf Bhf Bf 

pH H20 4.69 5.16 5.36 

pH cacJ.2 4.20 4.42 4.56 

ex cmol ( + ) /kg 2.52 2.51 1.03 

\ base saturation 11.47 32.67 26.77 

\ Fe (Na-pyrophosphate 1.04 1.00 0.19 
extractable) 

,Al (Na-pyrophosphate 0.74 0.9S 0.22 
e:lCtractable) 

\C 5.39 0.98 
• bâta not avallâble 

.. 
) 
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' ..... Jppendlx 2: Data trëlllllf~tlans (root ~awth COZ'e stmy) 

SITE DATA 'mANSFORHATIOO 

Tingwic::k root Hg concentration log 

st. Hippolyte root ca concentration log 

soi l exchanqeable Hg l/x 

soil exchanqeable Al log 

soil , K saturation log 

soil , Al saturation log 

Vaudreuil soil , base saturation l/x 

soil , Al saturation l/x 

soll exchangeable Ca/Al log 
mlar ratio 

sail exchangeable Mg/Al l/x 
mlar ratio 
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ARII!IIdlx 3: __ values of solI me.lcal. pEopertles (0-=7) . 
(~ MI .Al pli 

SITE 'ltŒATtaft' , --.::.tl( + )/tg- cacl·.l 

Tingwick 3-4-8 5.Ua ~.11b 6.02a 3.83b 

(21.57)+ (l C;. 75) (3.17) (0.77) 

0-3-29 5.66a O.lJD 5.77a 3.89a 

(7.98) (14.51) (6.16) (0.97) 

<nn'RCL 5.09a O.ISa 5.60a 3.84b 

(1.92) (15.06) (10.14) (0.89 ) 

st. Hippolyte 3-4-8 5.51a 0.04a 2.46a 4.53a 

(3.57) (22.63) (15.36) (1.58 ) 

0-3-29 5.68a O.oSa 2.58a 4.49a 

(9.01) (18.88) (4.78) (0.86) 

c:œlROL 5.7la 0.04a 2.63a 4.47a 

(1.52) (35.75) (8.69) (0.75) 
! 

.~ Vaudreuil 3-4-8 4.18a 0.02a 2.8Oa 4.22a ,. 
" 

(12.23) (28.16) (14.27) (2.30 ) 

0-3-29 4.37a 0.02a 2.78a 4.22a 

(8.46) (35.17) (7.81) (0.86) 

4."3a 0.02a 3.10a 4.Ha 

(15.44) (21 .. 16) (6.23) (1.51) 

Values within elements followed by the Sam! letter are not statistically 
different (p:S). 05) • 

+ Coefficients of variation (,) are qiven in parentheses • 

.. 
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J(lp!ndüt 3 (coatlnJEd): MI5In valUl!!lll of 11011 ~cal lEopertles (1F7) 

ca lIrJ Je ttl 

SITE 'l'REA'lten " -
Tingwick 3-4-8 9.47a 1.82a 1.33a 1.56b 

(9.26)+ (15.91 ) (7.01 ) (15.97) 

0-3-29 8.34b 1.32b 1.42a 1.70b 

(10.04 ) (11. 24) (8.60) (16.76) 

6.74c 1.25b 1.38a 2.39a 

(15.40) (8.39 ) (13.77) ( 22.37) 

st. Hippolyte 3-4-8 44.13a 4.989 0.94a 0.89a 

(14.55) (44.59 ) (15.23 ) (21.61 ) 

0-3-29 43.59a 3.39 1.33a 0.90a 

(6.19 ) (19.10) (12.98) (16.79 ) 

CXIfl'ROL 38.6Sa 2.68 1.2Sa 0.94a 

(8.84) (10.50) (48.68) (28.66 ) 

Vaudreuil 3-4-8 32.55a 8.68a 1.48a 0.42a 

(17.14) (24.41) (26.73 ) (26.56 ) 

0-3-29 32.90a 7.52a 1.60a 0.48a 

(7.69) (13.66) (21.80) (35.78 ) 

CXlft'ROL 29.13a 6.50a 1.40a O.~Oa 

(7.01) (14.44 ) (20.08) (28.36 ) 

Values within elements followed by the same letter are not statistically 
different (p:SO. 05) • 

• Data fai1ed to meet homogeneity of variance criteria and were not ana1yzed 
further. + Côëfficlents of varIation l\) are given ln parentheses. 

" 
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( J&1peIldlx 4: Mean values of fine root c±qm'ca1 PEoperl:ies (n=7) 

Il p Itl 

SITE '19EA'ftoI'Ift' 8)/9 

Tlngwlck 3-4-8 13.81a 1.32a 0.76b 

(12.32)+ (11.74) (35.50) 

0-3-29 13.93a 1.47a O.77b 

(13.66) (18.24 ) (32.63l 

CDlœOL 14.23a 1.:'9a 1.19a 

(9.82) (8.23) (25.01 ) 

st. Hlppolyte 3-4-8 11.96a 1.33a 0.22b 

(7.26) (11.51 ) (27.86) 

0-3-29 11.98a 1.34a 0.22b 

( 5.46) (13.19) (20.37) 

CDlœOL 12.39a 1.39a 0.3la 

(9.86) ( 15.35) (29.98) 

( Vaudreuil 3-4-8 11.1Sa 1.22a O.lSa 

(10.32) (7.41) (25.25) 

0-3-29 11.34a 1.20a O.lSa 

(10.59) (9.08) (32.04) 

1l.Ua 1.26a 0.l7a 

(10.87) (6.17) (31.84 ) 

Values wlthin elements fol1owed by the same letter are not statistically 
dlfferent (pSl.05). 
+ Côëfflclents of variaElon (,> are qiven ln parentheses. 

( 
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