
INFORMATION TO USERS

This manuscript has been reproduced from the microfilm master. UMI films

the text directly from the original or copy submitted. Thul, some thesis and

dissertation copies are in typewriter face, while others may be trom any type d

computer printer.

The quallty of this ...productlon is dependent upon the quallty of the

capy submitted. Broken or indistind prim. c:oIored or poor quality illustrations

and photographs, print bleedthrough, substandard margins, and improper

alignment can adversely affect reproduction.

ln the unlikely event that the author did not send UMI a complete manuscript

and there are missing pages, these will be noted. AllO, if unauthorized

copyright material had 10 be removed, a note will indicate the deletion.

Oversïze matenals (e.g., maps, drawings, charta) are reproctuced by

seetioning the original, beginning at the upper Ieft·hand corner and continuing

tram 18ft ta right in equal sections with smail overtaps.

Photographs indudecl in the original manuscript have been reproduœd

xerographically in this copy. Higher quality S- x 9- black and white

photographie prints are available for any photographs or illustrations appearing

in this copy for an additional charge. Contad UMI directly to order.

Bell &HoweIllnfonnation and Leaming
300 North ZHb ROIId, Ann ArborI MI 48108-1348 USA

800-521-oeoo





SOIL PROPERTIES FOLLOWING CLEARCUT BARVESTING AND

WILDFIRE AND THEIR RELATIONSHIP WITH REGENERAnON IN THE

QUEBEC BOREAL FOREST

by

Daniel Simard

Depanment of Natoral Resource Sciences, McGiD Univenity,

Macdonald Campus, Ste-Anne-de-BeUevue, Quebec, H9X 3V9

A thesis submined to the Faculty ofGraduate Studies and Research in the partial

fulftlment of the requirements for the dep-ee ofMaster of SdeDce

© Daniel Simard



1+1 National Library
of Canada

Acquisitions and
Bibliographie services

395 Wellington Street
Ottawa ON K1A ON4
C8nada

Bibliothèque nationale
du Canada

Acquisitions et
services bibliographiques

395. rue Wellington
Ottawa ON K1 A ON4
Canada

The author bas granted a oon­
exclusive licence allowing the
National Library of Canada to
reproduce, loan, distribute or seU
copies of this thesis in microform,
paper or electronic fOlIDats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts ftom it
may he printed or otherwise
reproduced without the author's
penmSSlon.

L'auteur a accordé une licence non
exclusive pennettant à la
Bibliothèque nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de cette thèse sous
la forme de microfiche/film, de
reproduction sur papier ou sur fonnat
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protège cette thèse.
Ni la thèse ni des extraits substantiels
de celle-ci ne doivent être imprimés
ou autrement reproduits sans son
autorisation.

0-612-S0879-X

Canadl



Suggested Shon Title:

DISTURBANCE AND BOREAL FOREST REGENERATION

Daniel Simard



ABSTRACT

SOIL PROPERTIES FOLLOWING CLEARCUT HARVESTING AND

Wn.DFIRE AND THEIR RELAT10NSHIP WITH REGENERATION

IN THE QUEBEC BOREAL FOREST

A comparison of the soil fenility and relationships between soil fertility and early

regenerating vegetation were examined following clearcut harvesting and wildfire in the

black spruce-feathermoss zone ofwest-central Quebec. During the summer of 1997,

sampling was conducted in wildfires bumt 2, 14, and 21 years aga, stands clearcut within

±3 years ofeach fire, and undisturbed control stands. At each site an estimation of

vegetative cover ofeach species present and a volumetric sample ofthe forest floor (FH),

and minerai sail (0-10 cm) were collected from at least 8 tire and eut sites and at least 4

control sites in each study area. The comparison between the soil fertility ofstands

clreacut and humt suggested that important differences exist foDowŒg these two

disturbance types in the boreal forest. The forest floor ofclearcut sites had greater dry

mass, mass of total nutrients and mineralized N than tire or control sites, whereas tire sites

generally had higher pH and concentrations of total nutrients than clearcut or control sites.

Panitioning of the variance of the vegetation data between sail fertility and general site

characteristic variables was carried out ta evaluate the direct influence ofpost-disturbance

sail fenility on the composition of regenerating vegetation. AlI explanatory variables

accowtted for 53.6% of the variance, ofwhich 23.2% was exclusively ann'buted to sail

fertility variables. Disturbance severity is suggested as an important factor, directly

affecting the initial composition ofthe regenerating vegetation, and indirectly affecting soil

fertility and stand produetivity in the later stages ofregeneration.



RÉsUMÉ

LES PROPRIÉTÉS DU SOL APRÈs COUPE À BLANC ET FEU, ET LEUR

RELATION AVEC LA RÉGÉNÉRATION DANS LA

FORtT BORÉALE DU QutBEC

La fertilité du sol a été comparée dans des peuplements après la coupe àblanc et

des feux de forêt dans la pessière noire à mousses du centre et de l'ouest du Québec. Les

relations existant entre la végétation du début de la régénération et la fertilité du sol ont

aussi été examinées. Des sites brûlés par des feux naturels il y a 2, 14 et 21 ans, des sites

qui ont été coupés à blanc à ± trois ans de chaque feu et des sites témoins non-pertubés

ont tous été échantillonnés pendant l'été 1997. Pour chaque site étudié, une évaluation du

couvert végétal par espèce et une échantillonnage volumétrique de la couverture morte

(horizons F et H) et le sol minéral (0-10 cm) ont été récoltés sur au moins huit sites de feu

de forêt et de coupe à blanc, et au moins quatre sites témoins. La comparaison entre des

peuplements coupés à blanc et brûlés illustre que, suite à ces deux types de penurbations

de la forêt boréale, il existe des différences importantes au niveau de la fertilité du sol. La

masse des éléments nutritifs totaux et le N disponible (minéralisation) du couvert mort des

sites coupés à blanc étaient plus élevés que pour les sites de feu de forêt et les sites

témoins. Les sites incendiés avaient, cependant, des concentrations d'éléments nutritifs

dispomoles et totaux généralement plus élevées que les sites de coupe à blanc et les sites

témoins. La variance observée dans les données de végétation a été partitionée entre des

variables reflétant la fenilité du sol et les caractéristiques générales des sites afin d'évaluer

l'influence directe de la fertilité du sol sur la composition de la régénération végétale.

L'ensemble des variables environnementales mesurées représente 53.6% de la variance,

dont 23.20/0 étaient exclusivement atm"buables à la fertilité des sols. La sévérité de la

penurbation semble être un facteur imponant, affectant directement la composition iDitiaIe

de la régénération végétale et indirectement la fertilité du sol et la productivité d'un

peuplement forestier à long terme.
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0.1 Boreal Ecology and NatunlDisturbances

Relative to southern temperate forests, net annual production is low in the borea1

forest, but is not surprising given the short growing season and low availability of

nutrients (Bonan, 1992; Barbour et al., 1987; Pritchett and Fisher, 1987). Tree species,

such as white spruce (Picea glauca) and black spruce (Picea mariana) dominate mature

boreal stands in a mix of other conifers and a few deciduous species (Barbour et al.,

1987). The understory ofmature stands is charaeterized by a thick continuous mat of

feathermoss (e.g. Pleurozium schreben) and lichens (Larsen, 1980). Increased

productivity in the feathermoss layer and a build-up oforganic matter in the forest tloor

during boreal succession represents: 1) an increasing nutrient sink (Paré et al., 1993), due

to 10wer temperatures at the forest floor and resulting slower rates ofdecomposition

(Pritchett and Fisher, 1987), 2) decreased nutrient availability, and 3) decreased tree

produetivity (Larsen, 1980).

Natural disturbances play a vital role in function and structure ofmost forest

ecosysterns (Attiwill, 1994). The Canadian Boreal forest is no exception. Small and large

scale disturbances occur often, generating a mosaic ofuneven aged stands acress the

landscape. Fire (Foster, 1983), spruce budworm outbreaks (Morin, 1994; Blais, 1983)

and windthrow all occur relatively frequently in the Canadîan boreal forest (Kimmins,

1996) and serve ta promote successional processes and species diversity (Attiwill, 1994).

Stand destroying crown tires occur frequently in the boreal forest (Kimmins, 1996;

Payene, 1992). Adaptations in the dominant tree species of the boreal forest illustrate the

dependance and co-evalution of the vegetation and the natural clisturbance regime.

Tbrough thousands ofyears ofnatural selection (MacDonald, 1995), reproductive

strategies, such as the widespread dispersal ofsmall, light seeds, suckering tram roots, and

serotinous cones that open with intense heat, have helped tree species in the boreal forest

adapt to disturbances like wildfire (Johnson, 1992; Perry, 1994).
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0.2 Cleareut HarvestiDg and Sastamable Forest Manalement

'Nature prollides a blueprint, but one that we must use care/ully. '

(Perry, 1994)

Clearcutting is one ofthe major anthropogenic disturbances in the boreal forest,

representing almost 90GA» ofalIlogging practices in Canada (BSAT, 1994). Recent

emphasis in sustainable forestty bas focused on management practices that mimic (as

closely as possible) the effects ofnatura! disturbances (Bergeron and Harvey, 1997;

Hansen et aL, 1991). For clearcuning as a forest management practice to mimic the

effects ofwildfire, it must preserve inherent ecosystem processes while maintaining the

natural configuration 0 f late successional uneven aged stands across the boreallandscape

(Bondrup-Neilsen. 1995; Perry, 1994)

Working knowledge of the natural disturbance regime is necessary to maintain the

diversity and productivity ofmanaged forests (Attiwi11, 1994). Both the periodicity and

spatial pattern of natural disturbances must be respected, eusuring the mosaic ofuneven

aged stands is maintaine~ and therefore providing different ecosystem niches in stands of

different successional seres (BSAT, 1994; Perry, 1994). At the smaUer stand scale it is

important for forest management to preserve key ecosystem processes, maintaining the

biotie and amatie dynamies that occur between natural disturbances, in order to guarantee

long-term produetivity ofboreal ecosystems (Perry and Amaranthus, 1997; Perry, 1994).

0.3 EfI'ect of Fire on Forest Ecosystems

Wildfire consumes organic matter. generating a pulse ofmineralized nU1rients and

preparing the seedbed for secondary succession (Kelsall et al., 1977). The impact offire

on ecosystem biological, chernical and physical sail processes is directly related to

disturbance severity (Pritchett and Fisher, 1987). Nutrient losses are common during and

following tire and oecur moslly through the pathways ofvOIatilizatiOD and ash convection,

but also through surface runoff, wind and water erosion, and leachiDg (Schoch and

3



Binkley, 1986).

Volatilizarion primarily etTects the loss of carbon, sulphur and nitrogen. Nitrogen

volatilatilizes at 200°C (Pritchett and Fisher, 1987) and is therefore easlly 10st during

wildfires which achieve temperatures of300-700oe (Knight, 1966). It is estimated that

organic nitrogen lasses can he as high as 15-30% of the total nitrogen in bumed biomass

(Kutiel and Shaviv, 1992; Kutiel and Naveh, 1987). Base cations (Ca, K, Mg) and other

less volatile nutrients. such as P can he lost by ash convection during wildfire

(WoodD1ansee and Wallach, 1981).

The remajning nutrients (most importantly NH.., Ca~, K·, Mg~ and P) are

deposited as ash on the forest floor in their minerai fonn. The concentrated supply of

avai1able nutrients in ash are vulnerable to erosion and runo&: as a result of lower

infiltration rates and a decrease in the soil's absorption capability (Kelsa1l, et al., 1977;

Ahlgren and Ah1gren, 1960). Solubilized nutrients that percolate through the sail profile

are available for plant and microorganism utilizatio~ fixed on exchange sites, or lost

through leaching (Woodmansee and Wallach, 1981).

Wildfire often resuIts in the combustion oforganic matter in the forest floor. In

sandy soils, the humus layer may he responsible for the majority of the cation exchange

capacity (CEe) and therefore the ability of the sail ta retain plant nutrients against the

effects ofleaching (Kelsall, 1977). During a severe tire, 20% ofthe CEe can be 10st due

to its dependance 00 the humus layer (Pritchett and Fisher, 1987).

A commoo effect of tire is a substantial increase in soil pH (Kutiel and Sbaviv,

1992). The magnitude of the increase is directly related ta the increased concentration of

base cations at the sail surface, as well as the texture and organic matter content ofthe

sail (Pritchett and Fisher, 1987). The flush ofbase cations through the soil profile

removes All+ and H+ from exchange sites and places them into solution where they can be

easily leached, increasing base saturation and consequently soil pH.

Sail microbes live in direct contact with the soil and are therefore very sensitive ta

changes in the soil microenvironment. The majority ofmicrobial aetivity oceurs Deal" the

sail surface (Paul and Clark, 1989) and is negatively effected by large increases in soil

4



temperature and reduced soil moisture occurring in the first 2.5 to 5 cm during me
(Ahigren, 1974). Soil temperatures as lowas 1000 C (buffered by soil moisture) have been

known to kill the majority ofmicrobial populations (Barbour et al., 1987).

Immediately following fire, ecosystem physical and chemical components are

greatly changed. The newly acquired charcoal and darkened forest tloor &Ct in concert

with increased incident radiation to produce higher soil temperatures (Ulrey and Graham,

1993). Sail water is made more available as a result of reduced interception and

evapotranspiration by the vegetative community (Adams and Boyle, 1980). Organic

matter consumed by me decreases the CEC (Wright and Bailey, 1982), and solubilized ash

percolating through the soü profile increases pH and nutrient availability (Ahlgren, 1974).

Little net nitrification or denitrification occurs in most ecosystems that contain

viable root systems, living aerial ponions ofplants, and an active microbial community

(Kj1Jham, 1990). This phenomenon is mainly caused by the 'tightness t ofthe nittogen

cycle in most forest ecosystems. Normally, NH,.. is rapidly taken up by plants and

microorganisms (Larsen, 1980). Reduced immobilization ofnutrients by plants, combined

with the rapid mineralization ofnutrients by tire, elevates the availability of nutrients to

abnormally high levels. Excess nitrogen produced by either ash deposition or

mineralization by microbes is available for other microbial process like nitrification. An

increase in nitrogen availability accompanied by an increase in soil pH and the availability

of other nutrients results in a growth ofthe nitrifying baeteria population (Wright and

Balley, 1982; Ahlgren, 1974; Ahlgren and Ahlgren, 1960). Nitrification and possibly

dentrification alter the fonn of available nitrogen., making nitrogen susceptible to 10ss by

either leaching ofmobile nitrates or by the volatilization ofnitrous oxides (Paul and Clark,

1989).

The influence 0 f tire on soil biota is highly variable and not well understood

(Ahigren, 1974; Barbour et al., 1987). In most cases the etfects ofthe nutrient pulse and

other changes foUowing fire are shan lived (within the tirst 4 years) (Adams and Boyle,

1982; 1980), but sorne studies bave demoDStrated that il cm take the microbial population

up to 12 years foUowing disturbance to become reestablish (Fritze et a1., 1993). As the

s



vegetation continues to regenerate, the forest tloor recovers, causing the soil environment

to stabilize and the microbial population to retum to prefire levels (WoodmaDsee and

Wallach, 1981). Until such time, the soil physical environment will remain in a state of

flux, subjected to the vagaries of the ambient environment, reduced rates ofwater

infiltration and increased rates oferosion (Wright and Bailey, 1982).

0.4 EfJect ofClear-cut Harvesting OD Forest EcolysteIDs

Clear-cut harvesting bas been scrutinized by an informed pubüc, and defended by

the forest industry, which argues that clear-cut harvesting is the safest, most economica1ly

efficient and environmentally sustainable management prac:tice currendy avai1able (Keenan

and Kimmins, 1993). The five main effects ofclear-cut harvesting on forest soil fertility

are: 1) nutrient removal in the barvested material, 2) increased rates oferosion and runotT

accompanied by leaching ofnutrients, 3) accelerated biological mineralization of organic

matter, 4) acidification of forest soil (Mroz et al., 1985), and 5) soil compaetion (Keenan

and Kjmmins, 1993; Greacen and Sands, 1980). The degree to which nutrients are 10st

from an ecosystern fo llowing clear-cut harvesting varies with ecosystem conditions, such

as vegetation type and physical site characteristics (slope, drainage,...), ~ wen as the

severity 0 f the clearcut and scarification, but will decrease in Proponion to the rate of

regenerating vegetation (from Marks and Bormann, 1972).

Any biomass harvested or removed from a forest represents a nutrient 1055 and net

acidification of the ecosystem (Edmonds et al., 1989). Base cation absorption by trees is

an active process in which base cations in soil solution are excbanged for H+ ions.

Immobilized base cations in harvested timber are not retumed to the sail resulting in

nutrient 10S5 and ecosystem acidification (Nykvist and Rosen, 1985).

Changes in forest hydrology are common following barvestiDg and cause increased

rates oferosion and leaching (Annson, 1977). A reductioD in the rate oftranspiration in

harvested ec:osystems can result in a significant rise in the water table and increase Dutrient

10ss due to leachiDg (Burger and Prichett, 1988). Increased potential for eroSiOD is

associated with the imProper construction oflogging roads; excessive disturbaDce ofthe

6



understory vegetation, and soil; soil compaetion; and intensive site preparation (Prichett,

1979), reducing the rates of infiltration and increasing surface ronoit: Nutrient 10ss tram

erosion and leaching is expected to decline following disturbance at a rate inversely

proponional to the extent of regeneration (Marks andBo~ 1972).

Factors influencing the rate ofdecomposition in natural ecosystems include

temperature, the availability ofmoisture, and the quality ofavailable organic matter (Swift

et a1.~ 1979). There is usually a substantial increase in decomposition aflitter and logging

residues fallowing harvesting (Kimmjns) 1997; Mroz et a1., 1985). Decomposition rates

are increased as a result of the mechanical repositioning ofsoil organic matter, input of

fresh carbon from logging residues, increased incident radiation (increased soil

temperature) and greater availability ofsoil water (Keenan and Kimmins, 1993; Burger

and Pritchett, 1988; McColl and Powers, 1984).

Increased mineralization produces a graduai nutrient pulse after logging. The

recovery of the ecosystem and therefore the retum ofdecomposition and mineralization

rates to predisturbance levels is likely ta occur within a period greater than 5 years

following clear-cut harvesting in the borea1 forest (Keenan and Kûnmins, 1993). The

duration of the pulse is dependent on the rate ofmicroclimate restoration (Marks and

Bormann, 1972), which is proportionate to the rate ofregeneration oftrees and

understory vegetation following disturbance (Keenan and Kimmjns, 1993).

Increased concentration ofavailable nitrogen following clear-cut harvesting

represents a break in the nitrogen cycle (Hart et al., 1981). Nitrogen uptake by plants is

decreased following harvesting, during which soil inorganic nitrogen levels are expected to

increase (Vitousek and Matson, 1985). Without trees to assimilate available nitrogen,

excess nitrogen is available to nitrifiers and therefore possible oxidized to nitrate

(Lawrence et al., 1987; Adams and Boyle, 1982; Hart et al., 1981; Vitousek et al., 1979).

During the process ofnitrification either NIL· or NB) is oxidized to nitrate or nitrite,

releasing H+ into soil solution. The abundance of U+ removes base cations from excbange

sites where they become vulnerable to leachiDg (Likens et al, 1970). Nitrate is considered

a very mobile nutrient and is consequently easily lost through leacbing (paul and Clark,
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1989). Nitrification therefore results in the possible compounded 10ss ofnutrients through

the production ofmobile nitrates and the removal ofbase cations fi'om exchange sites.

Soil compaetion in many cases is considered one ofthe Most severe consequences

oftimber harvesting (Keenan and Kimmjns, 1993). Compaction, principally caused by

vehicles used for a range ofmechanized foresny operations, results in increased soil

strength and decreased total porosity and infiltration rates (Greacen and Sands, 1980).

Serious compaction decreases the water supply, soil aeration, and restriets root space,

reducing the rate of regeneration and tree growth (Pritchett and Fisher, 1987). However,

fr05t heaving in cooler climates bas been reported to reduce the effect of compaetion

within a couple ofyears following harvesting (Keenan and Kimmins, 1993)

o.s EtYect of Scarification and Ground Vegetation on SoU Fertillty

Most mid successional black spruce stands in the boreal forest are relatively open,

with a scattering of ericaceous dwarf shnlbs and a CODtinUOUS mat offeathermoss (Larsen,

1980). As the canopy closes in mid succession, primary production ofthe understory

vegetation bas been observed to exceed that ofthe tree species present (Dechel and Van

Cleve, 1986). Feathermoss such as Pleurozium schreberi is an effective competitor,

intercepting nutrients tram precipitation, throughfall and decomposing litter, reducing the

availability ofnutrients for tree growth (Weber and Van Cleve, 1984).

Following harvesting a large portion ofthe Ericaceae-feathennoss community is

left undisturbed, effectively sequestering nutrients from decomposing roots and slash

(Kimmins, 1997; Norberg et al., 1997). Increased productivity in the understory during

boreal succession reduces the availability of nutrients and light for planted seed1mgs

(Jiderlund et al., 1997; Zachrission et al., 1997), and is capable of inhibiting the

germination ofsorne seedlings (Steijlen et al., 1995). For planted seed1iDgs to regenerate

successful1y, site preparation is needed to reduce the competitive ability ofthe understory.

Scarification exposes the minerai soil, prepares the soil for planting and reduces

the competition &om the established Ericaceae-Feathermoss community (Jiderlund et al,

1997; Norberg et al., 1997). However, with increased ecosystem diSturbance, there is
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often an associated increase in nutrient loss (Munson et al, 1993; Burger and

Pritchett,1988). Prévost (1997) found scarification to effect only the 1055 ofK and Mg,

but not N, which is often considered the nutrient most limiting growth in boreal

ecosystems (Larsen, 1980).

0.6 Vlrilnce Partitioning and Canonical Correspondence Analylis in Ecalol)' .

Borcard et al., (1992) developed a statistical model in which multivariate statistics

(e.g. canonical correspondence analysis-CCA and redundancy analysis-RDA) are used to

partition the variance ofindependent {environmental} variables in descnDing a biological

community. Explanatory variables can be divided into subsets usmg a panial CCA (or

panial RDA), where variables and their confounded effects are eliminated as covariables,

isolating the suite ofenvironmental variables of interest 50 they can he examined greater

depth, and their importance in explaining the variation ofthe biological community

determined.

Ordination techniques are increasing in popularity with ecologists analyzing

complex natura! systems. Canonical correspondence analysis (CCA) is a direct gradient

ordination technique in which the biological community under study is assumed to have a

unimodal response to explanatory environmental variables (ter Braak, 1995). In a CCA

biplot, site or species scores are usually represented in a scattergram oftwo or more

dimensions where species (or sites) ofsimilar distribution and abundance are grouped

closer than dissimilar species (or sites) (Barbour et al., 1987). Environmental variables are

drawn as arrows from the origin. where their length and direction descn1Jes their

imponance and area of influence in relation to the variatioDofthe biological community.

In the same way species located on one sicle of the origin are negatively assoclated with

species located on the other side, arrows pointed in opposite directions represent

environmental variables tbat are negatively associated, and species located in the opposite

direction ofan arrow are negatively associated (ter Braak, 1995).

Fife plays an imponant raie in maïntaining successioD81 processes and species

diversity in the boreal forest (Payette, 1992). Wildfire and more recently clearcut
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havesting have become the principal agents of stand initiation in the boreal forest and

consequentally, changes in forest produetivity and biodiversity may occur in the future if

processes that control soil fertility and plant succession difIer between clearcut and bumed

sites. Chapter 1 compares the soil fertility of stands clearcut and bumt 2, 14 and 21 years

ago in the Quebec boreal forest; and Chapter 2 examines the relationships between soil

fertility and the abundance and distribution ofregenerating vegetation in the Quebec

boreal forest.
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CHAPTERI

EfJect ofClearcut Harvesting and Wildfire on Soil Ferti6ty iD the Quebec Boreal

Forest
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1.1 Introduction

Stand rep1acing wildfires occur frequently in the boreal forest, shaping species

diversity, ecosystem and successional processes (Kimmins, 1996). Over thousands of

years, natural selection bas refined successional processes (MacDonald, 1997), making

wildfire and other naturaI disturbances an integral part ofboreal ecosystem funetioning

(Attiwill, 1994). As the canopy closes in late boreal succession, decomposition decreases

and nutrient sequestering by the forest tloor increases (Paré et al., 1993). Wildfire

consumes the forest f100r and aboveground biomass, generating a pulse ofavailable

nutrients (Kelsall et al., 1977). Boreal vegetation bas adapted to wildfire with serotinus

cones that require a period of intense heat for germination, suckering from roots and

through the dispersal of small, tight seeds (Johnson, 1992).

Few studies have compared the effects of wildfire and clearcutting on soil fertility

in the boreal forest but research examining these disturbances independently suggest

similarities and differences between them. C1earcutting is generally similar to wildfire in

that it initiates stand regeneration over large areas and hence bas the potential to influence

succession and ecosystern processes to a significant degree. At the Iandscape level,

clearcutting can alter the periodicity and the spatial pattern from that ofnatural

disturbances but the natural disturbance regime can be mimicked by the adoption of

appropriate cutting patterns (Attiwill, 1994; BSAT, 1994). At the stand level, however, it

is unclear whether clearcutting will have the same affect on ecosystem processes as

wildfire. Fire releases nutrients from vegetation and forest floor biomass, generating a

pulse ofnutrients that are available to regenerating vegetation, and Most often reduces

forest f100r depth, resulting in a seed bed appropriate to the establishment ofearly

successional boreal species (Kelsall et al., 1977). Clearcutting, in contrast, leaves a large

ponion ofthe forest floor undisturbed and thus may not generate the same nutrient pulse

observed with wildfire and may impair the establishment oftree species by creating a seed

bed to which indigenous speties are not adaptecl (Margolis and Brand, 1990). File CID

cause substantiallosses ofN, C, and S thraugh volatilization (Alhgren and AIhgren, 1960;

Kelsall et al, 1977; Woodmansee and Wallach, 1981), whereas clearcutting may increase
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sail acidity and the 1055 ofbase cations (Likens et al., 1970; Mann et al, 1988; Keenan and

Kimmins, 1993).

Clearcut harvesting annually disturbs an area ofproductive forest similar in size to

that disturbed by wildfire (Canadian Council ofForest Ministers, 1997) and hence is

becoming the dominant form ofdisturbance in the boreal forest. Changes in forest

productivity and biodiversity may occur in the future ifprocesses that control soil fertility

and plant succession differ significantly between clearcut and bumed sites. It is imponant,

therefore, to understand how forest sites ditJer following clearcutting and wildfire in arder

to evaluate the possibility oflong-tenn changes in productivity. The objective ofthm study

is to compare the etTects ofwildfire and clearcutting on the mass and dynamics ofcarbon

and nutrients in the forest tloor and minerai sail of stands of three different ages foUowing

disturbance in the boreal forest ofnorthwestern Quebec.

1.2 Materials " Methods

/.2./ Study Âreas

During the summer of 1997, three study areas were located witbin the black spruce

zone of the Quebec boreal forest. Each study area contained sites regenerating after a

natural wildfire, sites c1earcut within ±3 years of the wùdfire and undisturbed contrais. AD

sites were Iocated on till and were dominated by black spruce (Picea mariana) that were

at least 90 years oid at the lime of disturbance or 90 years old at the time ofsampling in

control sites. The 21 year old study area, located in the nonhem clay belt cODSisted ofa

clay till and was much finer deposit than the tills in the other two study areas. Study areas

ofdifferent ages represent in some respects a chronosequence, due to inberent differences

between study areas the chronosequence is only loosely established and used when oDly

strong trends are evielent.

Timber in the 21 and 14 year old study areas was harvested by clearcuttiDg (whole

tree harvesting) and by coupe avec protection de la régénération et des sols (CPRS) in the

2 year old study area. CPRS (caretùllogging) resembles clearcuttiDg in that it removes
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the boles and branches from the barvested area, but places emphases on protecting natural

regeneration and limiting the impact ofmechanical barvesting on soils (Chevalier, 1993).

Due to insufficient densities 0 f natura! regeneration, scarification (disk) and tree planting

were included as pan ofthe cut treatment in the 2 year old study area.

The number ofsamples collected in each study area varied due to field logistics

and site accessibility. High levels ofharvesting in ail areas panicularly constrained the

number ofcontrol sites sampled. Additional study area charaeteristics, including treatment

replication are provided in Table 1.

/.2.2 Samp/ing

In each site, eight random points were sampled within a 25 x 2Sm plot. Forest

floor depth was measured, and a volumetric sample ofboth the forest tloor (FH), and the

minerai soil (0-10 cm) were taken at each sampling point. Forest floor samples were

passed through a 1.5 cm sieve to remove coarse fragments and homogenize the sample.

Samples were bulked to produce a composite sample ofthe forest tloor and minerai soil in

each plot. AlI samples were air dried prior to analysis.

/.2.3 Laboratory Ana(vsis

Forest floor and minerai soil samples were analyzed for organic carbon using a

modification ofthe Mebius procedure (Yeomans and Bremner, 1988), pH in O.OIM CaC12

(Hendershot et al., 1993), extractable base cations using O.IN BaC12 (Hendershot and

Duquette, 1986) and Mehlich III available P (Tran and Simard, 1993). Particle size

analysis was performed on minerai samples pretreated for organic matter using the

hydrometer method (McKeague, 1976). Forest tloor samples were digested for

measurements of total N, P, K, Ca and Mg (Parkinson and Allen, 1975). Concentrations

ofextraetable and total Ca, K and Mg were measured using a Perkin-Elmer atomic

absorption spectrometer. Total P and N and Mehlich mP, were determined

colorimetrically usÎDg a Lachat Quickchem automated chemical analysis system.

Net nitrogen mineralization and nitrification was measured on Sg offorest Ooor
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and lOg ofmineral soil, brought up and regulated to 60% of field capacity during a 4S day

aerobic incubation period in the dark at 24°C. Samples were then extraeted with IN KCl

for mineralized N and determined colorimetrically as for total N above. Mineralized N

was determined as the concentration of~· and NO]-·in the incubated samples minus the

concentration ofNH4• and NO]- in Don-incubated samples. Net nitrification was

calculated as the concentration ofN03• in the incubated samples minus the concentration

ofN03" in non-incubated samples.

/.2.4 Statistical Ana(vsis

Outliers were detected and removed at a=O.OS using the Dixon test (DixoD, 19S0).

One-way ANOVAs were used ta detect treatment effects between fire, cut and contrais

within each study area. Comparison ofmeans were performed using a protected

significant difference LSD (t) test at a<O.OS (Anon, 1996). Correlations were performed

using Pearson's correlation.

1.3 Results

J.3.1 Physical Propenies

The depth of the forest f100r in the 21 and 2 year old me sites was significantly less

than c1earcut sites and less than control sites in ail study areas. Cut sites were also found

to have significantly sballower forest Ooors than control sites in the 14 and 2 year old

studyareas. Forest floor mass in clearcut sites was consistently grealer than in control

sites and at least 33~ô higher than in tire sites with significant differences occurring in the

21 and 2 year old study areas.

1.3.2 Chemical Properties

Organic Carbon

Flre sites bad significantly less total mass oforganic carbon in the forest tloor than

in cut sites ofbath the 21 and 2 year old study areas (Table 2). Levels oforganic carbon

in the minerai sail showed no treatment effect in any ofthe study areas.
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Concentrations ofExtractable Nutrients andpH

In general concentrations of extraetable nutrients in the forest floor and mineraI

soil were highest in tire sites followed by clearcut and control sites (Table 3). Extraetable

Ca in the forest Ooor of file and cut sites was significantly greater than that in control sites

in all study areas, with the 14 and 2 year old tire sites also having significantly higher

concentrations than clearcut sites of the same year. Extraetable Ca in the minerai sail of

tire sites was significantly greater than control sites in the 14 and 2 year old study areas

and cut sites in the 14 year old study area. The minerai sail of the 2 year old cut sites bad

concentrations ofextractable Ca that were significantly greater than control sites of the

same age. Meblich III extractable P was at least four times higher in the forest tloor, and

almost twice as high in the minerai sail of the 2 year old fire sites, than tbat in any other

treatment. Extractable Ca, K and P in the forest Ooor were ail positively correlated

(p<O.002) with concentrations in the minerai sail.

Forest tloor pH ofthe 14 and 2 year old file sites was significantly higher than that

in bath clearcut and control sites of the same year, but no significant treatment effects

were observed in the pH of the minerai soil. Forest tloor pH was found ta he highly

correlated (p<O.OO i) with extractable Ca.

Total Nutrients in the Forest Floor

Concentrations oftotaI nutrients in the forest tloor were generaUy higher in the 14

and 2 year old tire sites than in control or cut sites, with cut sites often having significantly

higher concentrations than control sites (Table 4). In the 21 year old study area, there

were no differences between file and cut sites although total N and Ca were higher in the

disturbed sites than in control sites. Cut sites have a greater total mass ofnutrients than

either me or control sites in all study areas although these differences were not always

significant. Mass ofN and K in the 2 year old tire sites were significantly less than in

control sites of the same year.
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1.3.3 Biologica/ Properties

Net Mineralized N and Nitrification

Concentration and mass ofmineralized N in the forest floor were significantly

greater in the 21 and 2 year old clearcut sites than in tire and control sites of the same year

(Figure 1). Mass ofmineralized N in the minerai soil was significantly greater in eut sites

than in control sites in the 21 and 14 year old study areas and in the 2 year old study area

at a=O.l. Concentration ofmineralized N in the minerai sail was significantly higher in cut

sites than in control and tire sites in ail study areas. No significant differences in N

mineralization was detected between me and control sites in any study area. Mass (not

shawn) and concentration ofnet mineralization in bath the forest floor and minerai soil

show similar trends and a high positive correlation (psO.001).

Nitrification levels were consistently low relative to net N mineralization levels and

near the detection ümit for all treatments and study areas. Forest tloor mass and

concentration ofnitrate in incubated samples shows a high positive correlation with pH

(p< 0.001).

1.4 Discussion

The forest tloor plays an important role in the nutrient dynamics of the boreal

forest. It may contain up to 720/0 of the available sail nutrients (Foster and Morrison,

1987), the largest percentage of fine roots (Persson, 1983) and greatest amount of

biological activity (Pritchett and Fisher, 1987) in the sail profile. Our data shows that

wildfire and clearcutting alter the physical, chemical and biological propenies of the forest

floor for a period ofat least 21 years following disturbance in the Quebec boreal forest.

1.4./ Physical Effects ofDisturbance on the Forest Floor

The forest floors of all clearcut sites had higher forest tloor dry weight and organic

carbon content, relative to the control sites suggesting increased biomass inputs foUowing

clearcutting. Logging residues deposited during clearcutting and the evolution ofdead

tree roots through decomposition to humic and fibric material, increased the mass ofthe
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forest f1oor. Control sites contain trees with viable root systems that do not experience

the same degree ofdieback and decomposition as cuts and are therefore removed during

sampling. The 21 and 14 year old clearcut sites had significantly heavier forest fioors than

control sites, suggesting that clearcutting can effect the physical properties of the forest

fioor for a period greater than 21 years.

Where clearcutting increases the biomass in the forest fIoor, wild6re reduces it.

Forest f100r dry weight, organic carbon content, and humus depth ail illustrate the capacity

of wildfire ta consume organic matter. Humus depth in fire sites is significantly less than

control sites in all study areas, suggesting that it can take the forest t100r over 21 years to

recover trom wüdfire.

1.4.2 Nutrient Pulse &pH

The 14 and 2 year 0 Id tire sites have greater concentrations ofextraetable nutrients

than cut and control sites, in both the minerai soil and forest fioor. Extraetable Ca, K and

P in the minerai soil are ail positively correlated (p<O.002) with concentrations in the

forest fIoor, suggesting that the pulse ofnutrients in the forest fioor is camed tbrough ta

the minerai sail and is connected by either ameliorated environmental conditions and

associated higher biological activity, or leached from the forest fioar. The pulse of

exchangeable Ca that occurs in the forest fioor of the 2 year old disturbed sites, and to a

fesser extent in the minerai soil, is still significant after 21 years although the differences

between eut and tire sites bas disappeared. Extraetable P also shows a dramatic pulse in

the forest fioor and minerai sail of the 2 year old tire, but P leveJs retum ta those of the

control in 14 years. Our results demonstrate that tire consumes biomass, generating a

puise ofavailable nutrient ofgreater intensity than foUowing clearcuttiDg.

Forest tloar pH following wildfire is significantly higher tban in bath clearcut and

control sites for a period greater than 14 years following disturbance. Exchangeable Ca is

highly correlated with pH (p<O.OO1), suggesting that base cations miDeralized duriDg tire

are leached tbraugh the soil column, decreasing forest fioor acidity. Other studies have

also reponed a rise in pH following me (Kutiel and Naveh, 1987) and a correlation
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between exchangeable base cation concentration and pH (Paré et al, 1993).

Although in most cases clearcutting bas been shown to reduce base saturation and

consequentially soil pH (Mroz, 1985; Johnson et al, 1991) the pH in the forest tloor of

the 14 year old cut is significantly greater~ control sites of the same year. Increased

rates ofnitrification and associated production ofIr during the conversionof~ + to

N03' bas been connected with increased forest soil acidity following clearcutting (Likens et

aL 1970). However, low levels ofnitrification. coupled with increased base cation

availability (Ca) in this study are presumed responsible for an increase in pH foUowing

clearcutting.

Our results suggest that N mineralization in forest tloor and minerai soil can be

significantly greater in clearcut sites than in either me or control sites for al least 21 years.

Enhanced ability in the forest tloor and mineraI soil ta supply mineralized N followiDg

clearcutting bas often been atttibuted to fresh organic matter inputs from root decay,

logging debris and the intermixing of the forest tloor and minerai soil, accompanied by

improved environmental conditions, such as sail moisture and temperature (Keenan and

Kimmjns, 1993), and reduced N uptake (Vitousek and Matson, 1985).

Increased N mineralization has also been reported following wildfire, due to

batterial populations taking advantage ofbigh pH, carbon and nutrient availability

(Woodmansee and Wallach, 1981). This study however, did not find significant

ditTerences between the rates ofnet mineralization in wildfire and control sites in either the

forest tloar or minerai sail. Fritze et al. (1993) found that the microbial community could

require up to 12 years ta recover fram fire. Pietikainen and Fritze (1995) associated the

decline in microbial aetivity with either the direct etTect of me on the microbial community

or as a result ofmodifications to sail praperties associated with wïldfire.

Increased rates ofnitrification have been abserved following bath clearcuttiDg and

wüdfire (Ahlgren and Ahlgren, 1960; Vitousek et al., 1979; Vitousek and Matson, 1985;

Pietikiinen and Fritze, 1995). Relative to mineralization levels, nitrification levels in this

study were iDsignificant. Net nitrogen mineralization produces an abundant supply of

available nitrogen in the 21 and 2 year old clearcuts, assuriDg an adequate source of
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available N for nitrifying organisms. Low pH values measured in this study «4.0) and a

high positive correlation between forest tloor net nitrification and pH (p<O.OO1) suggests

that nitrification was restricted due to high concentrations ofavailable N1l&" at low pH

inhibiting the conversion ofNO:; ta NO)' (Paul and Clark, 1989).

1.4.3 Total Nutrient Capital

Mass aftotai N and K in the 2 year old tire were significantly less than control

sites in the same area. Nitrogen, which valatilizes at 200 Cl C (Pritchett and Fisher, 1987),

is easily lost during wildfires 8Chieving temperatures of 300-700 CI C (Knight, 1966). Kutiei

and Naveh (1987) estimated that up ta 25% oftotal nitrogen can he iost during wildfire.

Other less volatile nutrients, such as base cations and phosphorus are subject to 1055

thraugh ash convection (Edmonds et al., 1989), wind and water erosion and especially

more mobile ions, such as K"', are lost through leacbing (Woodmansee and Wallach,

1981 ).

The 2 year old study area was the only area in which scarification and planting

were included as pan ofthe eut treatment. The literature suggests that site preparation

commonly increases the loss ofnutrients from disturbed ecosystems (Burger and Pritchett,

1988). However, mass and concentration oftotal Dutrients in the forest floor foUowing

clearcuning and scarification in the 2 year old study area did not drop significantly below

levels in control sites, suggesting that scarification did not cause significant nutrient loss.

This study suggests that wildfire suppües a greater concentration oftotal nutrients

in the rooting zone of regenerating vegetation than in either clearcut or control sites,

whereas clearcuning has a greater mass of total nutrients in the forest Ooor, suggesting a

grealer capacity to supply nittogen ta benefit long-term prOdudivity than either fire or

control sites. However, secondary succession in clearcuts occors on sites witb a relatively

intact forest tloor and communities ofunderstory vegetation, competing with or inbibitiDg

the growth ofemerging saplings (Zaclaisson et al., 1997). Clearcul sites may therefore

contain higher nutrient reserves in the forest floor tban tire sites, but the availability of

those nutrients to developing sapUngs maybe restrieted by established vegetation.
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1.4.4 Ecosystem Recovery

It is recognized that the chronosequence in this 'study is only loosely established,

but some basic trends can be drawn over time. The etfect of the nutrient pulse and other

related effects decline with time. The rate ofvegetative regeneration in disturbed

ecosystems determines the length and the magnitude of the nutrient 1055 (Paré and Van

Cleve, 1993). Reestablishing vegetation serves to assimilate excess nutrients, regulate soil

temperature and moisture levels (Marks and Bormann, 1972; Woodmansee and Wallach,

1981), retuming decomposition, nutrient cycling and availability to predisturbance leve1s

(Woodmansee and Wallach, 1981; Keenan and Kimmins, 1993).

1.S Conclusion

This study bas shown that both clearcutting and wildfire produce a pulse of

mineralized nutrients, and that the duration and magnitude ofthe pulse is dependant on the

type ofdisturbance and nutrient.. Fire oxidized organic matter, deaeasing the biornass

within the forest tloor, generating a pulse ofmineralized nutrients and caused a significant

10ss ofN and K in the youngest studyarea. In contrast, clearcutting increased the amoUDt

ofbiomass in the forest floor, produced a nutrient pulse oflower intensity through the

biological mineralization of nutrients, resulted in a higher total mass of forest tloor

nutrients than either control or fire sites, and did not result in significant nutrient loss.

This suggests that clearcut harvesting and wildfire may have significantly different etreeu

on ecosystem processes. More research is necessary to determine whether the forest tloor

and minerai soil conditions produced by clearcutting willlead to levels oflong-term

productivity or biodiversity that differ significantly from those produced by wildfire.
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Table 1.1. Site characteristics.

e e

Average Average
Average Annual Annual

Forestry Fire Area Cut Soil Texture Temperature Precipitation
Study Area Replication Region" Location (ha) Years (O-IOcm) (Oct (mm)b

2 10 Fire Gouin 48°44'-59' N 47709 1992-94 Loamy 1.2 840
10Cut 76 °08'-38' W Sand

8 Control

14 8 Fire Gouin 48°44'-57' N 14535 1981-86 Loamy 0.8 948.4
8 Cut 74°3"-54' W Sand

5 Control

21 10 Fire Northern 49°17'-51'N 31054 1975-80 Sandy Clay 0.6 822
10 Cut Clay 79°00'_19' W Loam

4 Control

-Forestry regioDS as proposed by Rowe (1972).
'Meteorologieal data provided by the oearest weather station (Anon,1982).
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e e •
Table 1.2. Humus depth (cm) dry mass (kg/m!) and organic carbon content (kg/m!) in the forest f100r and organic carbon content
(kg/m2

) in the mineraI horizon.

Study Area 2 14 21--
Treatment Fire Cut Control Fire Cut Control Fire Cut Control

Forest Floor (FU)

Humus 6.4c 13.7b 21.0a 8.2c l3.5b 20.3a ll.6b 15.8a 18.48

Depth

Dry Mass IO.2b 24.48 22.38 12.lb 18.0a 15.6b 14.7b 21.7a 15.3b

Organic C 1.93b 4.788 4.34a 2.32a 3.528 3.11a 3.01b 4.38a 3.39ab

Mineral Soit

Organic C 1.23a 1.71a 1.37a 0.790a 1.13a 1.10a 2.09a 2.44a 2.44a

Note: Different letters refer to significant differences between treatments witbin each study area using a protected LSD (t) test

(0=0.05).
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Table 1.3. Extractable Ca, K , Mg (cmo1lkg), P (ug/g) and pH in the forest floor and minerai horizon.

Study Area 2 14 21--
Treatment Fire Cut Control Fire Cut Control Fire Cut Control

Forest Floor (FU)

Ca 12.2a 9.26b 6.76c 16.0a Il.0b 7.27c 13.6a 13.4a 7.33b

K I.I0a 0.88b 1.07ab 1.40a 1.07b 0.980b I.07b 1.12b 1.738

Mg 2.568 2.27ab 1.91b 2.738 2.698 1.68b 3.03a 3.068 2.368

Mill P 2318 30.5b 24.5b 33.78 25.08 42.78 34.18 29.98 39.38

pH 3.508 3.29b 3.27b 3.61a 3.37b 3.19c 3.468 3.508 3.308

Mineral Soil

Ca 0.492a 0.358a 0.178b 0.462a 0.275b 0.168b 0.8348 0.7598 0.3388

K 0.0726a 0.07228 0.041 lb 0.0633a 0.0474b 0.0529b 0.1658 0.1598 0.121a

Mg O.IOSa 0.0859a 0.0413b 0.06688 0.0596a 0.0363b 0.214a 0.267a 0.3598

Mill P 19.8a IO.Sb 3.S4b 7.39a 2.62b 6.01ab 7.14a 4.00a 6.518

pH 3.91a 3.878 3.93a 3.98a 3.90a 3.978 3.71a 3.70a 3.828

Note: Different letters refer to significant differences between treatments within each study area using a protected LSD (t) test
(11=O.OS).

24



e e e

Table 1.4. Concentration (mg/g) and mass (kglha) of total nutrients in the forest 110or.

Study Area 2 14 21--
Treatment Fire Cut Control Fire Cut Control Fire Cut Control

Contentntion

N 10.2a 8.26b 9.25ab 11.1 a 9.72b 8.80b 8.43a 8.448 7.01b

P 0.8578 O.520b O.535b 0.839a O.657b 0.559b 0.666a 0.673a 0.631a

K 1.00a 0.868a 0.8448 1.25a O.959b O.790b 1.33a 1.75a 1.63a

Ca 3.47a 2.70b 1.68c 4.52a 3.14b 1.84c 3.64a 3.41a 1.64b

Mg 0.398a 0.372a 0.252b 0.492a 0.417a O.297b 0.5348 0.7668 0.288a

MaiS

N 471b 832a 946a 586a 800a 600a 547b 849a 476b

P 36.2a 55.la 51.8a 44.2ab 56.9a 33.7b 42.7b 63.3a 42.8b

K 46.5b 94.3a 80.8a 65.0a 72.9a 54.4a 84.4a 191.8a 110.Oa

Ca 146b 297a 179b 235ab 2568 133b 210b 324a Illb

Mg 19.7b 40.78 25.5b 25.7a 33.28 15.9a 33.6a 62.la 19.9a

Note: Different lettas reCer to significant differences between treatments within each study area using a protected LSD (t) test
(<<=0.05).
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Chapter 1 compares the effect ofwildfire and clearcutting on sail fertility. Chapter

2 uses multivariate statistics and variance partitioning to explore the relationship between

sail fertility and regenerating vegetation following clearcut haIvesting and wildfire in the

Quebec boreal forest.
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CHAPTER2

Soil and Plant Intencdons FoUowing Clearcut Harvesting and WUdtire in the

Quebec Black Spruce-Feathennoss Forest
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1.1 Introduction

Mature black spmce.feathermoss stands are characterized by a closed coniferous

canopy, sparse understory vegetation and a continuous mat of feathennoss (Larsen 1980).

As crown closure increases, light and temperature at the forest tloor decreases, slowing

decomposition and increasing produetivity ofthe feathennoss layer (Larsen 1980; Van

Cleve and Viereck 1981; Bonan 1992). Weber and Van Cleve (1984) observed the

primary productivity of feathennoss to exceed that of the ttee species present in Jate

boreal succession. The bulld-up of organic matter in the forest floor represents an

increasing nutrient sink whereby large amounts ofnutrients are removed from circulation

and nutrient supply May limit plant growth (MacLean et al. 1983).

ln Canada, clear-cut harvesting annually affects an area ofproductive forest

proportional ta that ofwildfire (Canadian Council of Forest Ministers 1996). Both these

disturbances are major agents ofstand initiation in the boreal forest as they generate

favorable establishment conditions for pioneer species by removing the forest canopy and

modifying forest tloor structure (Kelsall et al. 1977, Payette 1992; Keenan and Kjmmins

1993). In addition, growth ofregenerating vegetation is facilitated by the release of

Dutrients immobilized in the forest f1aor during wildfire (Viereck 1983). Similarly, altered

environmental conditions at the level of the forest tloor foUowing clear-cutting increase

nutrient mineralization (Keenan and Kimmins 1993). However, many comparative studies

have found ditTerences in the composition of regeneratÎDg vegetation following wildfire

and clear-cutting in the boreal forest (Noble et al. 1977; Abrams and Dickmann 1982;

Carleton and MacLellan 1994; Johnston and Elliott 1996; Ehnes 1998; Nguyen-Xuan

1999). This suggests that these two disturbance typeS may exert difJerent influences on the

dynamics ofstand regeneration.

Ecosystem proc:esses such as the bioregulation and feedback mecbanisms between sail and

pJants are an impOnaDt pan ofsuccessionaJ dynamics in the borea1 forest. Brumelis and Carleton

(1988 9 1989) observed that differences in post-disturbance vegetation composition could be

associated to different soil nutrirional dynamics. Cbapin (1995) demonstrated tbat difJerent

colonizing specics exhibited differences in thm capacity to exploit soil nutrients foUowing a major
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disturbance. Rintoul (1997) showed that differences in disturbance severity atIected the p1aDt

tissue nutrient content of the regenerating vegetation. Differences in plant-soil relationsbips

observed following different disturbance types and severity levels may have profound implications

in the maintenance ofsail processes (Perry 1994).

Many studies bave focused on the nutritional dynamics and/or vegetation

composition following c1ear-cutting (Brumelis and Carleton 1988; Brumelis and Carleton

1989; Keenan and Kimmins 1993; Brais et al. 1995a) or following wildfire (Alhgren and

Alhgren 1960; Kelsall et al. 1977; Paré et al. 1993; Brais etai., 1995b). Howeverthere

have been few comparative studies that have examined the possible influence of

disturbance type and severity on the interaction between sail fertility and regenerating

vegetation in the boreal forest (Johnston and Elliott 1998). The objective oftbis chapter is

to examine the interactions between soil fertility and early regenerating vegetation after

clear-cut harvesting and wildfi.re in the Quebec boreal forest. Previous parts ofthis study

have shown that: 1) differences in the severity of forest floor disturbance can explaùl some

of the compositional difIerences observed in early post-tire and post-logging vegetation

(Nguyen-Xuan 1999), and 2) imponant differences in soil fertility exist following these

two disturbance types (Chapter 1). The present chapter attempts to illustrate how

differences in soil fenility foUowing wilclfire and dear-cut harvesting are also retlected in

the post-disturbance vegetation composition.

2.2 Materials and metbods

2.2. / Study Areas

During the summer of 1997, three study areas were located within the black spruce

zone ofthe Quebec boreal forest. Each study area contained sites regenerating after a

natural wildfire and sites clearcut within ±3 years of the wildfire (the same data set was

used in bath cbapters, minus the control sites in Cbapter 2). At the time ofdisturbance, ail

stands were mature, dominated by black spruce (P;cea mariana (Mill.) BSP), and

underlain by glacial tiD. The 21 year old study area was located in the northern clay beh
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and its surficial deposit was much finer than the glacial tills found in the other two study

areas located on the boreal shield.

Timber was harvested by clear-cut harvesting (whole tree barvesting) in the 21 and

14 year old study areas and by clear-cut barvesting with protection ofregeneration and

soils (CPRS-carefullogging) in the 2 year old study area. CPRS resembles clear-cutting

with emphasis put on protecting natura! tree regeneration and limiting the impact of

mechanical harvesting on soUs (Chevalier 1993). Due to insufficient densities ofnatural

regeneratioD, scarification (disk) and tree planting were performed folloWÏDg harvesting in

the 2 year old study area. Study area charaeteristics are provided in Table 2.1.

2.2.2 Sampling

In each stand a 25m x 25m plot was set up, witbin which the vegetation was

sampled in 15 randomly located 1m x lm quadrats. An estimation of the percent coverage

of invascular and vascular plant species was performed for the vegetation on the ground,

below lm, and from 1-3m. The forest tloor and mineraI horizon were sampled at 8 of the

15 sampling points. Forest tloor depth was measured, and a volumetric sample ofboth the

forest tloor (FU), and the minerai sail (0-10 cm) were taken at each sampling point.

Forest Boor samples were passed through a 1.5 cm sieve to remove coarse fragments and

homogenize the sample. Samples were bulked to produce a composite sample ofthe

forest tloor and minerai soil in each plot. AlI samples were air dried prior to analysis.

Aspect, slope, slope position, and moisture regime were recorded and the age of each

stand at the time ofdisturbance was estimated by a count of the annual growth rings of

five trees killed during the disturbance (burned snags or logging stumps).

2.2.3 Lab Ana(vsis

Ahlgren and Ahlgren (1960) and Keenan and Kimmg,s (1993) provide reviews on

the effects ofwildfire and clear-cut harvesting on hydrological. vegetational, and

nutritional dynamics. In genera!, bath reviews suggest tbat significant changes to the

organic matter content, total and available nutrients, microbial ae:tïvity, and pH in the soù
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can he observed following disturbance. Forest tloor and minerai soil samples were

ana1yzed for organic carbon content using a modification ofthe Mebius procedure

(Yeomans & Bemner 1988), pH in O.OtM CaClz(Hendershot et al. 1993), extractable

base cations using O.IN BaCIz (Hendershot & Duquette 1986) and Mehüch m
Available P (Tran & Simard 1993). Particle size analysis was performed on minerai

samples pretreated for organic matter using the hydrometer method (McKeague 1976).

Organic matter content of the forest t100r was determined by loss on ignition using 2g of

sample brought up to 550°C for two hoW'S in a muft1e fumace (Kalra and Maynard 1991).

Forest Ooor samples were digested for measurements oftotal N, P, K, Ca and Mg

(Parkinson & Allen, 1975). Concentrations ofextraetable and total Ca, K and Mg were

measured using a Perkin-Elmer atomic absorption spectrometer. Total P and N and

Mehlich III P, were determined colorimetrically using a Lachat Quickchem automated

chemical analysis system.

Net nitrogen mineralization (available N) and nitrification was measured on Sg of

forest Ooor and lOg of minerai sail, brought up and regulated to 60% of field capacity

during a 45 day aerobic incubation period in the clark at 24°C. Samples were then

extracted with 1N KCl for available N and determined colormetrically as for total N

above. Available N was determined as the concentration ofNH4+ and N03- in the

incubated samples minus the concentration ofNIt+ and NO]- in non-incubated samples.

Net nitrification was calculated as the concentration ofNO]- in the incubated samples

minus the concentration ofN03- in non-incubated samples.

Microbial basal respiration was measured on 7g offorest tloor and 15g ofminerai

soil, brought up to 600;() oftield capacity and incubated for 10 days at room temperature in

30 ml plastic jars. Prior to sampling the jars were tlushed with ambient air and sealed for 1

hour. The accumulation ofCO: in the plastic jars during the incubation period wu

determined usÎDg gas chromatography.
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2.2.4 Data Ana(vsis

The average cover of each species was determined for each stand Species only

occurring in more than 10% and less than 90% ofdisturbed stands were selected for data

ana1ysis. A species list with the species codes used in graphicai representations is provided

in Appendix A. Canonical correspondence anaIysis (CCA) (ter Braak 1986) was used to

see ifdifferences in species composition following wildfire and clear-cutting could be

related to differences in soil fertility following these two' disturbance types. CCA allows

the simultaneous anaIysis of the overall species composition in relation to numerous

environmentai variables (ter Braak 1987). In addition to, and in interaction with soil

fenility, many other site-related factors can influence post-disturbance vegetation

composition. These include light, temperature, and moisture regimes, disturbance history,

and ecophysiographic region. Thus the environmental variables used in the CCA included

sail fertility variables as weil as site charaeteristics variables. SÎDce CCA is a multivariate

method closely related to multiple linear regressions (ter Braak, 1986), the number of

environmental variables used and the amount of colinearity between them had to be

rninjmjzed. Thus, subsets of sail fertility and site characteristic variables were separately

chosen through forward selection at a level ofsignificance of0.1. The final soil fertility

subset consisted of the following variables: concentrations ofextractable Ca, organic C,

and mineralized N, pH, and basal respiration in the minerai soil, and concentrations of

extractable Ca, P, and total N, mass oforganic matter and mineralized N in the forest

floor. The description and abbreviation ofeach soil variable is provided mTable 2.2. The

final site characteristics subset consisted of: average dufI depth, percent sand (0-1 Ocm),

aspect, moisture regime, stand age at the time ofdisturbance, tilDe since mast recent

disturbance, and longitude.

The relationships between early post-disturbance vegetation composition and soil

fenility were examined using three different CCAs. The fint CCA (Global) included both

explanatory subsets as environmental variables. The second CCA (Sail Fertility) only

included the saü fenility subset as environmental variables, while the third CCA (Panial

Sail Fertility) used the soil fertility subset as environmental variables and the site
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charaeteristics subset as covariables. These different CCAs enabled a better evaluation of

the effects of soil fenility on post-disturbance vegetation with and without the

consideration of the influence of site charaeteristics. The imponance of this influence was

evaluated through the partitioning of the variance (Borcard et al. 1992) observed in the

vegetation between the subsets ofsoil fertility and site characteristic variables. Levels of

correlation (Spearman) between fertility variables and descriptive vegetation variables

were also examined. Except for Spearman's and Pearson's correlation performed using the

SPSS analytical software package (SPSS 1997), statistical analysis were performed using

the CANOCO statistical package (ter Braak 1987-1992).

2.3 Results

2.3.1 Variance Partitioning and the Global Perspective

Ali explanatory variables (Global CCA) accounted for 63.60/0 of the variance in the

vegetation data set (Figure 2.1). Sail fertility and site cbaracteristics exclusively accounted for

23.2% and 14.70/0, respectively, of the variance in the vegetation data set with the remaining 25.7%.

of the variance explained by the confounded effect ofboth sets ofexplanatory variables. The fint

axis in the Global CCA accounted for nearly 17% of the total variance in the vegetation data set

and separated out the 2 year old burned stands from the other disturbed stands (Figure 2.2).

Associated with the 2 year old burned stands was a nutrient pulse represented by extraetable

P (FCExtP). The environmental variables with the highest level ofassociation ta the mt
axis were: extraetable P, time since most recent disturbance, and duff depth (Table 2.3).

The second axis represented about 14% of the total variance and separated out the 14 and

21 year old bumed stands trom the cluster ofcut stands around the origin (Figure 2.2).

Longitude and total N in the forest tloor were the environmental variables that showed the

greatest association to this axis (r> 0.50), and mineralized N in the minerai sail, percent

sand, mineralized N in the forest floor, and pH of the minerai soil also showed some

degree ofassociation ta it (Table 2.3).

The Sail Fertility CCA (not shawn) was Vf!fC'J similar to the Global CCA. For the

tirst tbree axes ofthe !wo ordinations, correlation coefficients (pearson's r) between the

site scores were 1.00,0.93 and 0.92. The correlation coefficients were 0.97, 0.94 and
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0.89 between species scores. Both ordinations were therefore very similar, having similar

patterns of stand and species differentiation. Furthennore, even though the sail fertility

variables were the only variables used to constrain the ordination axes of the Soil Fertility

CCA, Uttle change was seen in the correlation coefficients ofmost enviromnental variables

in comparison to the ones obtained in the Global CCA (Table 2.3). Thus, the Soil Fertility

CCA represented the influence ofsoil fertility with the confounded influence ofsite

charaeteristics. The Soil Fertility CCA explained 48.9~1l ofthe total variance in the

vegetation data set (Figure 2.1 ).

2.3.2 The Sail Fenility Perspective

About 52% of the variation explained by the Panial Soù Fertility CCA can be

represented on the tirst two ordination axes. Iwo main directions of stand differentiation

could he observed in the ordination space of the two fint CCA axes (Figure 2.3). The eut

and bumed stands of the 2 year oid study area were separated nom disturbed sites of the

two other study areas along the first direction of differentiation. Associated with the me
sites of the 2 year old study area is a pulse ofavailable nutrients represented by extractable

P in the forest tloor (FCEnP). The average concentration ofextraetable P in the cluster

of tire sites of this area is 2.5 times greater than any site outside the association. This mst

gradient was more strongly associated with the second ordination axis (Table 2.3). AIso

associated with the early fire and nutrient pulse was a high presence and abundance of

Marchantia po(vmorpha (bmp). Ceratodon purpureus (bcp). and Epi/obium

angustifolium (cea) (Figure 2.4). The eut sites of the 2 year oid study area were located

at the opposite end of the first differentiating gradient in respect ta the tire sites ofthe

same area, and were charaeterized by a higb presence and abundance ofAralia hispida

(cab), Carexdejlexa (ccxd), and8etulapapyrifera (cbp).

The second differentiating direction cOlTeSponded to a soil fertility gradient

represented by extractable Ca (FCExtCa), total N (FCTotN), and (FMMin) in the forest

Boar and extractable Ca (MCExtCa), mineralized N (MCMîn), pH (MpH), and basal

respiration (MCBasal) in the minerai soil (Figure 2.3). The followiDg vascular plants were
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associated with increasing fertility (Figure 2.4): Aralia nudicau/is (can), Clintonia

borealis (ccb), Deschampsia flexuosa (cdf), Pinus banlaiana (cpb, dpb), Prunus

pensylvanica (cpp, dpp), Pteridium aqui/inum (cpa ), Rubus idaeus (cri), So/idago

macrophy/la (csm), Sorbus americana (csa, dsa), Trienla/is borea/is (etb) Viburnum

cQSsinoides (cvbc, dvbc). Associated with decreasing fertility were Ables balsamea (cab,

dab) and many cryptograms: Cladina mitis (acm), C/adonia cenotea (acen), C/adonia

crispata (accp), Hylocomnium splendens (bhs), Pleurozium shreberi (bps), PtUidium

ciliare (bpcl), Ptilium crista-castrense (bpcr), Trape/iopsis granu/osa (atg). Associated

with the fertility gradient was the differentiation ofthe majority of 14 year old bumed and

21 year old cuts stands with increasing fertility, and the majority of 14 year old cut and 21

year old bumed stands with decreasing fertility (Figure 2.3). This second differentiating

gradient is generally more pronounced along the tirst ordination axis (Table 2.3). The

position ofthe stands on the second and third CCA axes (not shown) indicated that

increased extractable Ca (FCExtCa) and total N (FCTotN) in the forest floor gready

contributed to the differentiation of the 14 year old fires from the 14 year old cuts, while

increased mineralized N in the forest Boor and minerai soù (fCMîn, MCMîn) greatly

contn"buted to the differentiation of the 21 year old cuts from the 21 year old tires.

The concentration 0 f total N in the forest floor showed a significant positive

correlation (Spearman's r,p<O.Ol) with the concentration ofmineralized N in the forest

floor (r =0.38), the total caver of deciduous shrubs and trees (r = 0.38), and the total

cover ofherbaceous plants (r = 0.67). Total N was also significantly negative correlated

with the C:N in the forest tloor (r = -0.64) and total cover of lichens (r = -0.32,p =
0.015). Herbaceous vegetation was also significantly positively correlated with the

concentration ofmineralized N in the forest tloor (r = 0.42) while lichens were negatively

correJated to it (r = -0.43). Cover ofdeciduous shrubs and trees and total caver of

vascular plants (herbs and deciduous) were positively correlated ta extraetable Ca in the

forest floor (r =0.44 and 0.47 respectively). IncreasiDg humus depth was associated with

decreasing herbaceous cover (r =-0.32,p = 0.016), decreasing total Nin forest tloor (r =

-O.29,p =0.029). Many ofthese relationships are illustrated in Fig. 2.5.

37



2.4 Discussion

2.4.J Importance ofthe influence ofsailfenility on post-disturbance vegetation

composition

The series ofcanonical correspondence analyses (CCA) using different sets of

explanatory variables provides insight inlo the respective influence ofphysical site

charaeteristics and site fertility variables on post-disturbance vegetation composition.

Variance parritioning and the high correlation between the scores in the Global and Soil

Fertility CCAs demonstrate the importance ofthe interaction between nutritional dynamics

and the physical environment in descnbing the variation in the composition ofvegetation

in the boreal forest. lt bas long been recognized that physical environmental variables,

such as moisture and temperature regimes effect nutrient dynamics in forest ecosystems

(Perry 1994).

Although a large pan ofthe changes observed in soil nutritional dynamics

following wlldfire and clear-cut barvesting indirectly result from changes in the physical

properties of the forest f100r (Woodmansee and Wallach 1981; Keenan and Kimmins

1993), an imponant ponion of the nutrient changes can also be directly attributed to

disturbance itself as illustrated by the significant amount ofvariance accounted for by the

third CCA (Panial Soil Fertility). This is especially true for wildfire which is capable of

generating a pulse of available nutrients through the oxidization ofcarbon, mineralizing

nutrients in the forest floor and aboveground biomass (Chapter 1).

2.4.2 Interactions berween post-disturbance soilfertility and vegetation composition

S~il-p1ant interactions are an integral part ofthe regeneration dynamics offorest

ecosystems. Plant growth is directly linked to the availability ofsoil Dutrients. The life

histories ofmany boreaI plant species greatly ret1ects their ability to exploit the available

nutrient resources at difTerent times during forest succession (Chapin and Van Cleve

1981). Thus, in many instances the vegetation composition ofboreal stands can be

determined by soil fenility (Carleton and Maycock 1980; Carleton and Maycock 1981;

Carleton et al. 1985). However, plants can equally influence soü fertility as they play a
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major raIe in soil nutrient cycling during ail stages ofsuccession through nutrient

absorption, storage and release in the difIerent compartments ofthe boreal forest (Van

Cieve and Viereck 1981). Therefore, vegetation composition can have an important

influence on soil fertility (Paré et al. 1993; Brais et al. 1995b). These soil-plant interactions

are reflected in the 2 main differential directions observed in the Global and Panial Soil

Fertility CCAs. The almost orthogonal nature of these two directions ofstand

differentiation suggests that they represent two distinct dynamics in the regeneration of

forest stands following disturbance. Hence, they provide some insight on soil-plant

interactions during the regeneration ofbumed and clear-cut stands and their possible

evolution with time.

The differential direction involving the sites ofthe 2 year old study area illustrates

some ofthe soil-plant interactions observed immediately after disturbance. Many ofthe

species strongly associated with clear-cut and bumed sites of this area (Beru/a papyrifera,

Carex deflexa, Ceratodon purpureus, Epilobium angustifoiium and Marchantia

po(vmorpha) have often been reponed as successful colonizers ofexposed minerai soil

after disturbance (Rowe 1983; Oswald and Brown 1993; Prévost 1997). Beru/a

papyrifera, Carex spp.. and Epilobium angustifoiium are often the predominant species in

the seed rain shortly after wildfire and clear-cut harvesting (Johnson 1975; Archibold

1980; Qi and Scarrett 1998), and their association with recently disturbed sites reflects the

favourable establishment conditions often encountered folloWÏDg severe wlldfires and

scarified clear-cuts (Nguyen-Xuan 1999). Given that the ground and understorey

vegetation cover did not exceed 15% in either bumed or clear-cut sites, the influence of

plants on soil fenility in the 2 year old study area was probably minimal. However,

significant differences were observed for many sail fenility variables between the tire and

cut sites (Chapter 1). Thus, the differential direction observed illustrates the intluence of

soil fertility differences on the vegetation composition ofearly regeneration following

wildfire and clear-cutting. The positioning ofthe phosphorus vector in the direction ofthe

2 year old bumed stands illustrates the imponance of the nutritional pulse generated

during me. Phosphorus is an element that is highly available following tire, but whose
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availability quickly decreases afterwards (Viereck 1983). This nutrient pulse greatly

favours the growth ofpost-fire thrivers such as Marchanda polymorpha and Epilobium

angustifoiium and their abundance soon decreases as the pulse subsides (Ahlgren 1960;

Stark and Steele 1977).

The differential gradient involving the sites of the 14 and 21 year old study areas

illustrates some of the soil-plant interactions observed once most of the regenerating

vegetation bas become established, before tree dominance is attained in the canopy. The

species that are located at the opposing ends ofthis gradient define two contrasting

compositional types. The species associated with increased soil fertility characterize a

vegetation composition that is mostly dense, tan, and dominated by herbaceous vascular

plants and deciduous shrubs and ttees. Many ofthem are shade intolerant species whose

establishment and/or germination bas been facilitated by the disturbance ofthe forest Ooor

(Nguyen-Xuan 1999). The spccies that are associated with lower soil fertility represent a

vegetation composition that is dominated by conifers and high bryophyte or lichen ground

cover. This compositional type often reflects lower levels offorest floar disturbance

(Nguyen-Xuan 1999). Given the greater cover ofground and understorey vegetation (28

to 66°!c. and 36 to 70% respectively) in the disturbed stands ofthese two areas, the

influence ofplant composition on sail fenility is cenainly more important than in the 2

year old study area. The Htter produced by deciduous sbrubs and ttees, broadleafherbs,

grasses, and fems associated with the direction ofgreater N mineralization is easier to

degrade and therefore bas a higher turnover rate than coDiferous or invascular titter

(Moore 1984). Furthermore, the lower ground caver ofinvascular vegetation amongst

sites associated with increased mineralization is beneficial ta nutrient turnover. Reindeer

lichens and feather masses, such as Pleuroz;um schreberi and Hylocomnium splendens,

contain low concentrations ofnutrients (Moore 1981), decreasing litter quaIity (Larsen

1980; Van Cleve 1974). However, cool soil temperatures due ta the iDsulatiDg effect of

the feather moss layer is often the most severe effect ofthe dominance ofinvascular plants

on nutrient cycliDg in the boreal forest (Moore 1981; Weber and Van Cleve 1984). The

nutritioDa1 gradient observed in the second difIèreDtiatiDg direction thus corresponds to
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increased litter quality and rates ofnutrient cycling associated with increased dominance of

vascular plants as suggested by the positive correlation between total N, cover ofvascular

plants and N mineralization in the forest floor.

2.4.3 Severity offorest floor disturbance andpost-disturbance soilferri/ity

This study suggests tbat there is a dichotomy between stands regenerating with greater

cover of lichens and mosses and those predominantly regenerating with vascular plants.

Feathermosses are considered effective competitors for nuttitionaJ resources, intercepting Duttients

from precipitation, throughfal1 and decomposing litter, reducing the availability of nutrients for

vascular plant growth (Weber and Van Cleve 1984). Ifdisturbance is not severe enough to disrupt

the competitive ability of the feather moss community present in late boreal succession, their

dominance is likely to continue during stand initiation, suppressing seedling establishment and

slowing rates of nubient turnover (Fisher 1979; Steijlen et al. 1995).

ln the present study, clear-cut harvesting often left a large portion of the forest tloor

untouched, whereas wildtire consumed at least a portion of the forest tloor, and the ground and

aboveground vegetation. ft wouId seem that wildfire bas grrater potential to improve stand fertility

as it disrupts the competitive ability of the understory and ground plant communities, and favon

the establishment ofvascular species that generate more labile litter. For clear-cut harvesting to

maintain the productivity ofborea1 ecosystert1St it must sufticiently disturb the competitive

advantage of the nonvascular ground community. Howevert the location of the 21 year old tires at

the lower end of the soil ferrility gradient suggests that wildfires tbat only panially bum the forest

floor do not necessarily improve stand ferrility. In this area revegetation ofbumt humus is often

dominated by lichen communities, while vascuJar plant regeneration occurred mainly from the

resprouting of underground parts and was predominated by ericaœous shrubs (Nguyen-Xuan

1999). The resistance to decomposition ofsuch vegetation types was demonsttated by greater N

cycling following Jogging than buming nearly 20 years after disturbanœ (Chapter 1).

1.! Conclusion

Thus, it can be seen that disturbance type and severity offorest floor disturbance

can affect post-disturbance regeneration dynamics in two ways. Fint, disturbance type

and severity determine the composition ofthe vegetation tbat will establish itself

immediately foDowing disturbance. Second, once the immecüate and direct effects of
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disturbance on vegetation establishment and sail nutrients have subsided, the indirect

effects ofdisturbance type and severity on the regenerating stand can be observed tbrough

the increasing influence exerted by the established vegetation on sail nutritional dynamics.

This bas implications for sustainable forestry in the following ways: 1) the choice of

harvesting method and post-harvest silvicultural treatments bas ta he made in function of

the regeneration dynamics desired, with an important consideration for their effects on soil

fenility, 2) concems for the composition ofthe regenerating vegetation should not he

exclusively in tenns ofcommercial tree species, but should include other pioneer species

that have beneficial effects on soil fertility.
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Table 2.1. Site characteristics.

e •
Study
Area

Location Replication Fire Fire
Year Area

(ha)

Cut

Years

Forestry

Region4

Avg.Soii
Texture

(O-IOcm)

Avg. Avg.
Annual Annual
Temp. Precip.

(C)" (~)b

2 48 44'-59' 00 N 10 Fire 1995 47709 1992-94 Gouin Loamy
76 08'-38' 00 W 10Cut Sand

14 48 44'-57' 00 N 8 Fire 1983 14535 1981-86 Gouin Loamy

74 31 '-54' 00 W 8 Cut Sand

21 49 17'-51' 00 N 10 Fire 1976 31054 1975-80 Northem Sandy Clay
7900'-19' 00 W 10 Cut CIa~_ Loam

·Forestry regions as proposed by Rowe ( 1972).
"Meteorological data provided by the nearest weather station (Anon, 1982).
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Table 2.2. Environmental variables used in variance partitioning and canonical
correspondence analysis.

Subset Environmental Description
Variable
Dut! Average dufJdepth in each siteSite

Charaeteristics

Soil Fertility

Sand
Aspect
Moist.
Time
Age
Long.

MCExtCa

MCOrgC
MCMin

MpH
Mbasal
FCExtCa

FCExtP

FCTotN
FMIgn

FMMin

Percent sand ofthe mst IOcm
Aspect ofstand - between 0 (N) and 180 (S)
Moisture regime
Time since most recent disturbance
Stand age at time ofdisturbance
Longitude ofeach site

Concentration ofextractable Ca in the mineral
soil
Concentration oforganic C in the mineral soil
Concentration ofmineralized N (available N) in
the minerai sail
Mineral soil pH
Basal respiration in the minerai soil
Concentration ofextractable Ca in the forest
floor
Concentration ofMehlich mextractable P in the
forest floor
Concentration of total N in the forest floor
Mass oforganic matter in the forest floor
determined by 105S on ignition
Mass ofN mineralization (available N) in the
forest tloor
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Table 2.3. Interset correlation coefficients of environmental variables with the fint and
second axes of the Global CCA, Soil CCA, and Panial Sail CCA. Passive aualysis of site
charaeteristics variables was used to determine their interset correlation coefficients for the
Soil CCA. There are no interset correlation coefficients given for the site characteristics
variables in the Partial Soil CCA since these variables are'used as covariables in this aœlysis.

pârtiâl Soil CCAGlobal CCA SoïlCCA
axis 1 axis 2 axis 1 axis 2 axis 1 axis 2

Soilfertility variables
MCExtCa -0.07 -0.03 -0.08 -0.08 0.23 0.25
MCOrgC -0.13 -0.34 -0.15 -0.43 O.OS 0.02
MCMin -0.12 0.49 ...0.10 0.41 0.26 0.15
MpH 0.21 0.43 0.23 0.53 0.37 0.09
Mbasal -0.28 0.14 -0.27 0.16 0.23 -0.09
FCExtCa 0.05 0.18 0.06 0.34 0.63 0.38
FCExtP 0.82 -0.04 0.84 -0.12 -0.38 0.69
FCTotN 0.21 0.59 0.25 0.73 0.49 0.48
FMIgn ...0.38 ...0.11 ...0.41 -0.21 O.OS 0.03
FMMin ...0.16 0.45 -0.14 0.36 0.33 -0.05

Site characteristics variables
Duffdepth ...0.54 -0.01 -0.56 -0.17
Percent sand 0.28 0.46 0.32 0.54
Aspect 0.22 -0.07 0.23 0.03
Moisture regime -0.11 ...0.28 ...0.12 -0.40
Time since mast recent -0.69 ...0.35 -0.69 -0.29
disturbance
Stand age at time of -0.12 0.22 -0.09 0.29
disturbance
Longitude -0.14 -0.63 -0.19 -0.69
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A c B

Unexplained
46.4%

Figure 2.1. Partitioning of the vegetation data set variance using soit fenility and site
charaeteristics as subsets ofexplanatory variables. Global CCA = A + B + C. Soil
Fenility CCA = A + B. Partial Soil Fenility = A.
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Figure 2.2. Global CCA ordination ofdisturbed sites along IWO first CCA axes. Fire
p )and clear-eut (A) sites of the 2 year old study area (0) and clear-cut ~ ) sites of
the 14 year old study area. Fire (e) and clear-cut (.) sites of the 21 year old study
area.
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Figure 2.3. Partial Soil Fenility CCA ordination ofdisturbed a10ng two first CCA
axes. Symbols are the same as in previous figure.
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Figure 2.4. Partial Soil Fenility CCA ordination of species along two first ordination
axes. Species full name provided in appendix 1. PrefIXes descnbe plant form : lichens
(a)~ bryophytes (h), vascular plants below 1 m (c), vascular plants between 1 and 3 m
(d).
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Figure 2.5. Partial Soil Fenility CCA ordination ofdisturbed stands. Size ofsymbol
is proportional to value ofdescriptor observed at a given site. Descriptors illustrated
are : forest tloor C : N, % cover ofgroung vegetation, % cover offeathennosses, %
cover oflichens, 010 cover of herbs and grasses, % cover ofdeciduous shrubs and
trees. Symbollegend same as in previous figures.
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CONCLUSION
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This study suggests that wildfire consumes the forest tloor, increasing the availability

ofnutrients in the rooting zone of regenerating vegetation; whereas c1earcut barvesting

increases the rate ofnitr'ogen mineralization and contains a greater mass oftotal nutrients

in the forest t1oor, suggesting that c1earcutting may benefit long-term productivity by

maintaining greater nutrient reserves and higher rates ofnutrient cyc1ing.

Further study ofthe relationship between sail fertility and regenerating vegetation

suggested that disturbance type and severity of forest flcior disturbance can affect

post-disturbance regeneration dynamics in two ways. Fint, disturbance type and severity

determine the composition of the vegetation that will establish itself immediately following

disturbance. Second, once the immediate and direct effects ofdisturbance on vegetation

establishment and soil nutrients bas passed, the established vegetation plays an increasiDgly

important role in the nutritional dynamics of the disturbed ecosystem.

Sustainable forestry praetices should recognize the importance ofthe efIects of

disturbance type and severity on soil fenility and regenerating vegetation and their

implication in the long-term produetivity and biodiversity of the boreal forest.

Furthermore, the choice ofthe desired composition ofregenerating vegetation should not

he exc1usively made in terms of commercial tree species, but should include other pioneer

species that have the ability to enhance litter quality and consequently nutrient cycling.

5.1 Direction of Further Research

The scope of tbis study was very focussed, examjnmg the effects ofclearcut

harvesting and wildfire on soil fenility and the relationships between regenerating

vegetation and soil fenility in black spruce stands on glacial ti1l in the Quebec boreal

Corest. Additiona1ly, the sampling criteria used in stand selection attempt to isolate simiJar

levels ofdisturbance severity in bath wildfires and clearcuts. Further research should be

more open to address issues ofthe effects ofdisturbance in a variety ofecosystems, such

as those with difJerent deposits and tree species as weB as different leveJs ofdisturbance

severity.
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During the course ofthis study it was noted that there is a lack of information

conceming the mechanisms involved in the dominance ofthe ericaceae-feathennoss

community in the understory ofmature boreal stands. More research is needed to

examine the effects ofthe competitive ability ofthe ericac~feathermoss community and

the d)namics of their liner decomposition following clearcut harvesting on emerging early

successional boreal vegetation.
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APPENDIXA

List of spedes Uled in ordinations. OrdinadoD codes ad Htter quaUty producÎDg

types. Lichens (L), rathenaosses (F), herb.ceous 00, deciduous (D).

Lichens

Trapeliosis granulosa atg L
Cladonia botrytes (Hag.) Willd. acb L
Cladonia cenotea (Ach.) Schaer. acen L
Cladonia cornuta (L.) Hoffin. acco L
Cladonia crispata (Ach) Flot. accp L
Cladonia cristatella Tucklcoccifera (L.) Willd. acet L
Cladonia de/ormis (L.) Hoffin. acd L
Cladonia gracilis (L.) Willd acg L
Cladonia spp. aez L
Cladina mitis (Sandst.) Hale and Culb acm L
Cladina rangiferina (L.) Harm. acr L
Cladina stellaris (Opiz) Brodo acs L

Bryophytes

Brachythecium spp. bbz
Ceratodon purpureus hep
Dicranum spp. bdi F
Hylocomnium sp/endens (Hedw.) BSG bhs F
Marchantia po(vmorpha bmp
Pleurozium shreberi (BSG) Mitt. bps F
Pohlia spp. bph
Polytrichum spp. bpo
Ptilidium ciliare bpcl F
Ptilium crista-castrensis (Hedw.) De Not bpcr F
Sphagnum spp. bs F
Unknown moss bx

Vascular Plants (below 1 m)
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Abies ba/samea (L.) Mill. cab
Aralia hispida Vent. cab H
Amelanehier spp. cam D
Aralia nudieaulis L. can H
Berula papyrifera Marsh. cbp D
Clintonia borealis (Ait.) Raf. ccb
Cornus canadensis L. ccc
Coplis groenlandieus (Oeder) Fern. ccg
Comandra /ivida Richards ccl
Carex spp. ccx H
Carex aenea Fern. ccxa H
Carex dej1exa Hornem. ccxd H
Desehampsiaflexuosa (L.) Trin. cdf H
Epilobium angustifolium L. Cea H
Gaultheria hispidula (L.) Muhl. cgh
Linnaea borealis L. clb
Ledum groenlandicum Retzius clg
Lycopodium annotinum L. clya
Lycopodium obscurum L. clyo
Maianthemum canadense Desf. CUlC

Me/ampyrum /ineare desr. cml
Nemopanthus mucronatus (L.) Trel. cnm D
Pteridium aquilinum (L.) Kuhn. cpa H
Pinus banlaiana Lamb. cpb
Prunus pensylvanica L. cpp D
Pyrola secunda L. cps
Populus tremuloides Michx. cpt D
Ribes glandulosum Grauer. erg H
Rubus idaeus L. cri H
Sorbus americana Marsh. csa D
Solidago macrophylla Pursh. csm H
Salà spp. csx D
Trientalis borealis Rat: etb

Vascular Plants (1 - 3 m)

Abies ba/samea (L.) Mill. dab
Amelanch/er spp. dam D
Beru/a papyrlfera Marsh. dbp D
Ka/m/a angustifolium L. db
Nemopanthus mucronatus(L.) Trel. dnm D
Picea mariana (Mill.) BSP dpm
Pinus banJa/ana Lamb. dpb
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Populus tremulaides Michx.
Prunus pensylvanica L.
Sorbus americana Marsh.
Sala spp.
Viburnum cQSsinoides L.
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