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A review of the  generation dynamics of NoAh
American boreal forest tree species I

D.F. Greene, d.C. Zasada, L. $irois, D. Kneeshaw, H. Wiorin, I. Charron, and
M.-J. Sima_i

Abstract: In this _view, we focus on the biotic parameters that are crucial to an understanding of the recruitment
dynamics of North American boreal tree species following natural (fire, budworm infestation, windthrow) or human- "
induced (clearcut, partial cut) disturbances. The parameters we emphasize are (i) the production of seeds and asexual
stems (both of which, we argue, are a function of basal area density), (ii) the dispersal of seeds by wind (or the
dispersion of asexual stems) as a function of distance from source, (iii) dormant seed bank capacity, (iv) organic layer
depth as a determinant of germinant mortality and asexual bud response, and (v) shade tolerance as a partial arbiter of
the density of advanced regeneration. Having identified the gaps in our knowledge, we conclude by suggesting a short_
term research agenda whose completion would lead to the parameterized functions that would constitute the
recruitment subroutine in a landscape-scale forest dynamics simulator.

R6sum6 :Dans cette revue de litt6rature, nous nous concentrons sur les praram_tres biotiques qui sont cruciaux pour
comprendre la dynamique du recrutement des esp_ces d'arbres de la for6t bor_ale de l'Am_rique du Nord, suite 5.des

perturbations d'origine naturelle (feu, 6pid6lnie de tordeuse, chablis) ou anthropique (coupe 5.blanc, coupe partielle).
Les param6tres sur lesquels nous mettons l'accent sont (i) la production de graines et de tides v6g6tatives qui sont,
nous le maintenons, fonctions de la densit6 en surface teni6re, (ii) la dispersion des graines par le vent (ou la
dispersion des tides v6g6tatives) en fonction de la distance de la source, (iii) le potentiel de la banque de semences
dormantes, (iv) la profcmdeur de la couche organique en tam que facteur dgtemlinant de la mortalit6 apr6s germination
et de la r6ponse des hourgeons asexu6s et (v) la toldrance _ l'ombre, laquelle contr61e en partie la densit6 de la
rdgdn6ration pr66tablie. Ayant identifi6 les lacunes dans nos connaissances, nous concluons en sugg6rant un programme
de recherche 5 court terme dont la rdalisation se traduirait par des fonctions de pr6diction du recrutement qui
pourraient servir de sous-routine dans un mod61e de simulation de la dynamique de la for_t 5. l'6chelle du paysage.

[Traduit par la Rddaction}

Introduction

In this review, we will identify and discuss those parame- ters that we feel are fundamental to understanding recruit-
ters that we feel are crucial to an eventual model of recruit- ment and four disturbance-related parameters.
ment. In short, our ultimate goal is to lay the framework for

a subsequent general model intended to be used anywhere in Recruitment parameters
the North American boreal forest in the prediction of regen- (i) Basal area. We argue that this crucial parameter is
eration density following both natural and human-induced proportional to (at least prior to senescence) seed
disturbance. Thus, we UlUSt predict the density of the production and asexual bud production. Further, as basal
predisturbance dormant seed bank, asexual buds, and ad- area is proportional to height, it affects the dispersal ca-
vanced regeneration, as well as their survival through the pacity of the wind-dispersed boreal trees.
disturbance, and the additional input of postdisturbance (ii) Seed mass. The mass of the seed is inversely propor-
seeds and asexual stems. We list below five biotic parame- tional to annual seed production and thus affects source
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strength. Further, seed mass is proportional to terminal shelterwood) which leaves intact much of the advanced
velocity (within aerodynamic categories) and thus in- regeneration and forest floor. Organic layer removal not
versely proportional to dispersal capacity. Finally, only acts as a mortality agent (for buried seeds) but also
germinant size is proportional to seed mass, and thus, strongly enhances subsequent germinant survivorship.
the abiotie component of first-summer survivorship (4) Specificity. Budwerm damage is typically limited to
should be directly related to the initial seed mass. balsam fir (Abies balsamea (L.) Mill.) and white spruce

(iii) Asexual reproduction capacity. Only three species in the (Picea glauca (Meensch) Voss). By contrast, the 5% of
North American boreal forest (trenthling aspen (Populus the largest forest fires account for about 95% of the area
tremuloides Michx.), balsam poplar (PopMus burned in the boreal forest annually, and we know of no
balsamifera L.), and paper birch (Betula papyrifera compelling evidence that the probability of surviving
Marsh.)) have the capacity to sprout from buds near the these high-intensity events is importantly dependent on
root collar or, for the two poplar species, from roots as species identity or tree size.

,_. well. Additionally, black spruce (Picea mariana (Mill) The review is organized as follows. In the first section, we
BSP) and cedar will frequently layer in older stands, discuss the production of seeds and asexual buds. In the sec-
This ability to regenerate in situ in large disturbances ond section, we link this source strength term to a dispersal
confers a remarkable advantage on these species, term for sources of varying geometry. The third section fo-

(iv) Dormant seed bank capacity. No boreal tree species has cuses on germination of seeds and dormant buds and initial
a seed dormancy within the soil extending beyond 1 survivorship on intact or highly disturbed seedbeds. The fi-
year (except perhaps paper birch (cf. Zasada et al. hal section treats advanced regeneration under intact cano-
1992)), but two species (jack pine (Pimls banksiana pies. We conclude with a summary of those issues that are
Lamb.) and black spruce) possess long-lived aerial seed too poorly understood as yet to permit modeling. This sum-
banks. Again, the capacity to regenerate in situ within mary, then, will represent our recommended short-term re-
large disturbances offers a considerable advantage to search program.
these species following natural disturbance or harvest-
ing where branches are deliberately scattered across a Production of seeds and asexual buds
cut.

(v) Shade tolerance. The ability to persist as slow-growing Along with advanced regeneration, seeds and asexual
stems in deep shade offers, like asexual reproduction buds are the only methods for recolonization of a disturbed
and aerial seed banks, the advantage of in situ recruit- site. Clearly, one of our main problems in developing an ad-
ment (at least for low-severity disturbances), equate theory of regeneration is the difficulty of predicting

In addition to these five biotic parameters, we have identi- the density of buds and seeds following disturbance. The
fled four disturbance-related parameters that need to be ex- density will depend on predisturbance species composition,
plicitly dealt with in an eventual model (although not in this the interval since the last disturbance (and thus the age and
review). In the boreal forest of North America the primary size of the trees), and the intensity of the disturbance (e.g., a
cause of canopy tree mortality is fire in the west and a mix fire will kill any seeds in the forest floor).
of fire and budworm-induced mortality in the more humid
east. In addition, harvesting has, for the last few decades, Initial age/size for seed production
been roughly equal to fire and budwerm in the annual area It has often been argued that species have characteristic
disturbed. The four defining characteristics of disturbance juvenile intervals (Fowells 1965). In the classic dichotomy,
are as follows, fast-growing "pioneers" such as poplar or pine become re-

(l) Colonization distance (mean and variance). This charac- productively mature (i.e., produce their first seeds) at less
teristic interacts with dispersal capacity as the distance than 10 years, while slow-growing "climax" species such as
seeds must travel frmn living sources and is determined fir might take twice as long to initiate sexual reproduction.
by disturbance size and shape and by the pattern of re- We think it more likely that, as with herbaceous plants, a
sidual (surviving) stands. The disturbance size is rela- minimum stem size is required (Sedgley and Griffin 1989).
tively unimportant for in situ regeneration. Thus, characteristically fast-growing species reach reproduc-

(2) Return time (mean and variance). The return time is a tive status earlier, especially on more productive sites. As a
crucial determinant of seed production (via basal area) rough indication of this initial size, we suggest a basal area

•- and dormant bud production. Insofar as return time is of about 0.001 m2 inside the bark at the base of the bole
sufficiently long to permit classical successional dynam- (Greene and Johnson 1994).
ics (slow replacement of shade-intolerant species by tol- In addition, reproductive status also depends on canopy
erant species), then it will affect the composition of both position. Even with same-aged cohorts, the canopy trees vir-
pre- and post-disturbance recruitment by seeds or asex- tually monopolize seed production (e.g., Fowells and Schu-
ual buds. bert 1956). Thus, the time to initial reproduction depends

(3) Severity. We define the severity of a disturbance by the not merely on the size of a stem but on the sizes of its near-
number of forest strata (canopy trees, advanced regener- est neighbors. It seems likely, then, that the proper measure
ation, organic layer) removed. Thus, a high-severity dis- of the capacity for sexual reproduction is not stem size but
turbance (e.g., crown fire in late May or a rather the size of the carbohydrate pool available to sponsor
harvest/scarification operation) will lead to a very dif- the heavy investment in reproduction. Nonetheless, in what
ferent species composition in the new stand than a light follows, we will use the easily measured basal area as our
disturbance (such as a budworm outbreak or surrogate predictor of this carbohydrate pool, and it should

© 1999NRC Canada



826 Can.J. For. Res.Vot. 29, 1999

be understood that we will be referring only to canopy adequately expresses the right-skewed distribution of seed
stems, production years, A subroutine would then randomly draw

values from this distribution.

Annual seed production
Large-seeded species produce fewer seeds than sman- Potential limiting role of pollen rain in tree seed

seeded species, and large trees produce more seeds than production
small trees. Greene and Johnson (1994) expressed this as Most common boreal tree species are primarily wind pol-

linated with either a monoecious (conifers) or dioceous
= 3067m-USSBU92 (poplars) habit (Farmer 1997). Self-pollination generally re-

sults in ovule abortion due to degeneration of the embryo,
where Q is the mean annual crop size (and includes mostly during early development (reviewed by Dogra 1967).preabscission losses to granivores) of a single tree, m is seed

The few seedlings that arise from selfing typically have poormass (grams), and B is basal area (square metres). We can
switch this to a density form (QD, seeds per square metre) vigor, e.g., black spruce (Park and Fowler 1984).
courtesy of conspecific synchrony in masting behavior at the The production of an abundant crop of filled seeds re-

quires that large quantities of conspecifie pollen are present
landscape scale as in the air during the period of female flower or strobili re-

= 3067m_SSND_B _92 ceptivity. The peak period of maturity in mate and female
strobili overlapped during a 5- to 6-day interval in a black

where No is the density of conspecific source trees. There spruce seed orchard (O'Reilley et al. 1982). A low syn-
are three limitations to the use of these equations. First, they cbrony between the period of pollen dispersal and female re-
are based on long-term forestry studies that are invariably ceptivity has rarely been invoked as a source of a poor seed
conducted on productive sites in the interior of a species crop.
range. We may expect poorer production on less clement Nevertheless, unsuccessful pollination has frequently been
sites or near latitudinal/altitudinal range limits (Elliot 1979; cited as one of the major sources of nonviable seeds in
Sirois 1996). A second problem is that the equations explic- Engelmann spmce (Picea engelmannii Parry ex Engelm.)
itly argue that production increases with basal area. None- (Singh and Owens 1981) and Sitka spruce (Picea sitchensis
theless, for the few species where we have a wide range of (Bong.) Carr.) (Owens and Molders 1980). It is likely that
basal areas, most show that a curvilinear function would be most of the flat, nonviable seeds frequently reported in eoni-
more appropriate, given that the largest (senescing?) trees fers are due to a lack of pollination associated with low pol-
tend to produce fewer seeds than expected. At present, this len density (Smith et al. 1990), low pollen viability (Elliot
more realistic function remains to be written and tested. The 1979), or ovule accessibility at the proximal and distal part
third problem with the equations is that they ignore the tre- of the female strobili (Owens and Molders 1980). Climatic
mendous temporal variation in seed production. Coefficients factors may also interfere with pollination. Damage to pollen
of variation in seed production typically range as 1-2 for mother ceils resulting from late frost has been documented
North American tree species (these are enormous values for in several coniferous species (Jonsson 1974). In addition, al-
a biological trait). Maximum values (QmaO in long-term though occasional light precipitation may assist the pollina-
studies are typically 4 _<(Qm,x/Q) < 55. The probability dis- tion drop in pollen scavenging of spruce (Runions and
lribution is strongly right skewed ("masting") and has not Owens 1996), a long rainy period at the time of ovule recep-
yet been successfully fitted to a function, tivity may impede pollination.

There has been some success (e.g., Mathews t955) in pre- It has been repeatedly demonstrated with both hardwoods
dicting mast years as a function of weather variables (typi- and conifers (e.g., Alexander et al. 1982) that the proportion
cally the weather in the year of bud differentiation), but in of filled seeds increases with crop size, and this is because
any case, these retrospective analyses do us little good if we pollen production is tightly synchronized with ovule produc-
cannot predict future weather. Some authors (e.g., Sork et al. tion (Koski and Tallquist 1978). Ultimately, the probability
1993) have argued that species have endogenously driven of fertilization must be a Poisson process dependent only on
cycles and thus have predictable mast years. It would greatly pollen density (number per square metre) and the size of the
enhance the reliability of natural regeneration as a forestry "target" (micropyte or stigma) and independent of ovule
option if this were true, but we know of no studies with the number (Smith ct al. 1990). Thus, it follows that years of
appropriate statistical analysis that demonstrate this. Statisti- poor ovule and pollen production have very low proportions
cal analysis of the long-term records of Koski and Tallquist of filled seeds and, further, that low densities of conspecific
(1978) in Finland using lagged intervals and the Spearman sources should have chronically poor seed production (as
rank correlation revealed no evidence for a significant peri- shown empirically by Nilsson and W_istljung (1987) for Eu-
odicity in seed production at the scale of one to two decades ropean beech (Fagus sylvatica L.) in Sweden or by Sirois
(D.E Greene and E.A. Johnson, unpublished manuscript). At (1996) along a latitudinal transect for black spmce in eastern
present, we leave open the possibility that there is a vague Canada). Consequently, those species, which are often found
periodicity (e.g., every 4-7 years) for a species, but we at low densities at the scale of a kilometre (e.g., white
doubt that it will be useful in the eventual modeling effort, spruce or paper birch in the southern boreal forest), will tend

In summary, we cannot at present realistically model seed to have low seed production. Unfortunately, no model (el-
production. Two things are required. First, we require a ther an empirical model or a pollen dispersal argument) re-
better function that permits seed production to decline as luting fertilized ovule proportion to pollen source density
trees begin to senesce. Second, we require a function that has yet been advanced.

© 1999NRCCanada
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Aerial seed banks killed trees (dead by the end of the growing season in which
It is probably no coincidence that the two most common fire occurred), and germinability of seeds was 80% and not

conifer species in the fire-prone boreal fo1_st (black spruce different from that of trees in an unburned stand (Zasada
and jack pine) both possess aerial seed banks. It is an effec- 1973). Seed yield per cone was not evaluated. Clearly, the
tire menus of colonizing large burus in situ and permits effect of fire on seed development is complex, and simply
more effective dispersal than asexual reproduction. How- knowing the time of year that a fire occurs is not enough in-
ever, the degree of serotiny varies among populations formation. For budworm infestations, Schooley (1978) re-
(Zasada et al. 1992). ported that the larvae consumed a large fraction of the

Black spruce normally has three to four cohorts of cones flower buds of balsam fir.
on its branches in Alaska (Zasada et at. 1992), or occasion- The effect of harvesting on seed availability is easier to
ally as many as six cohorts in central Saskatchewan (John- predict than the effect of fire, but there are some problems
son and Greene 1997). In the older cohorts, however, the here also. Obviously, if trees are harvested after embryos are

_, cones are generally empty of seeds or contain inviable seeds, morphologically mature (e.g., Zasada 1988), seeds should be
For well-stocked 50- to 100-year-old stands, Johnson and viable and capable of germination. However, how much be-
Greene (1997) estimated about 4.5 million filled seeds/ha; fore the time of morphological maturity trees can be har-
LeBarron (1948) gave a value of 1.O-2,0 million filled vested is an open question. Zasada (1973) and Winston and
seeds/ha in northern Minnesota, Black and Bliss (1980) re- Haddon (198l) have both described some degree of ripening
ported even lower values for seeds per hectare in the Cana- of seeds when green cones are collected and stored under
dian subarctic. Sirois (1996) has shown that filled seed conditions that delay cone drying and opening. The opportu-
production declines with latitude in eastern Canada for this nity to harvest trees at the appropriate time of year to maxi-
species, mize seeds on trees is great and should be considered when

Jack pine often has more than l0 cohorts on its branches designing harvesting schedules.
(Smith etal. 1990). Nonetheless, most of the seed in the
older cones is inviable (E.A. Johnson, unpublished data). Forest floor seed hanks
For well-stocked stands in central Saskatchewan, Johnson With the possible exception of paper birch (Granstrom
and Greene (1997) reported about 1 million filled seeds/ha, and Fries 1985), none of the boreal tree species have a
Likewise, M. Beland and Y. Bergeron (unpublished data) re- postabscission dormancy extending beyond about 9 months
ported around 1 million filled seeds/ha in western Quebec. (or, with the two poplar species, a few weeks). The impor-

Note that these seed densities for the two species will re- tance of the forest floor seed bank depends therefore on the
suit in substantial densities of first-year seedlings. If we take timing of the cut and the size of the previous crop. Certainly,
3 million seeds/ha as typical for both species, then even with a late autumn or winter cut will permit the forest floor seed
a first-year survivorship (including viable seeds that fail to bank to play a potential role in natural regeneration. But the
germinate) as low as 0.01, a well-stocked skand could give rise low annual probability of a sizeable crop coupled with the
to a density of 3 seedlings/m 2 (cf. Cayford 1963; St. Pierre very poor survivorship of boreal germinants on intact seed-
et al. 1992). beds makes the soil seed bank an unlikely source of new re-

What fraction of the seed bank survives a disturbance? emits in large cuts. Disking will worsen the problem by
Zasada et al. (1979) reported a decrease in percent germina- burying so much of the forest floor seed bank that the ex-
tion and percent filled seed for black spruce between a posed mineral soil or humus would unlikely contain an ap-
burned and two unburned stands, suggesting that fire af- preciable fraction of the previous crop. As for natural or
fected seed viability. Beaufait (1960) found that viability of prescribed fire, the heat will consume, or render inviable, the
jack pine seeds was only affected when cones were heated to entire forest floor seed bank (Johnson 1975).
their ignition temperature. In both cases, temperature to
which cones are heated and length of heating period are crit- Bud banks
ical factors. Predicting the potential for vegetative reproduction can be

For nonserotinous species, this type of fire and duration of generally related to the age, density, and spatial distribution
fire are critical. Obviously, all crown fires will probably de- of the parent stand. However, vegetative reproduction is
stroy seeds. Timing of the fire in relation to stage of seed de- strictly a function of the bud bank of the main stem,
velopment is important. For conifers, ground fires that occur branches, and roots. Realization of the bud bank potential of
after morphological maturation of the embryo may kill the a tree, stand, or landscape is modified by tree or meristem
trees but have little effect on seed viability. J.C, Zasada (per- condition, microenvironment, associated plants, soil condi-
sonal observation) observed this in white spruce in Alaska tions, herbivory, and type and intensity of disturbance, in all
where an intense ground fire in August killed all trees and cases, the bud bank is dynamic over a range of temporal and
exposed large areas of mineral soil. But cones were appar- spatial scales as buds are added and deleted through normal
ently not affected, as germination was abundant from seeds developmental processes and released periodically in large
in cones of killed trees the following summer. Rowe (1956) numbers by disturbance. In this sense, it can be likened to
made a similar case for white spruce in Saskatchewan. the aerial seed bank. Bud banks for trees vary substantially

An interesting example of effect of season of burning on by species. Among the boreal tree species, there is an exam-
viability was observed for a fire that burned a white spruce pie of all types of bud banks present in north-temperate for-
stand on an upland site in interior Alaska (Zasada 1985). ests, and one species, balsam poplar, provides examples of
The fire occurred at about the time of pollination. Female virtually all types of vegetative reproduction that occur natu-
flowers were not affected by an intense ground fire that rally in boreal and north-temperate trees.

© 1999NRC Canada
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The basal stem and root collar buds provide the potential tion. The rate at which a new root system develops and the
for exact replacement in both the spatial and genetic sense, distribution of adventitious roots vary between species
Aspen, balsam poplar, and paper birch are capable of rapid (Bannan 1942). The conifer roots are adventitious, while
sprouting and tree replacement at stone point in their lives; balsam poplar has preformed root initials and can relatively
however, they differ significantly in the types of bud banks quickly initiate roots on branches of all sizes. Site and stand
and the relationship between sprouting potential and age. conditions that promote forest floor accumulation and reten-
Aspen is most limited and the ability to basal sprout does tion of branches at the bases of conifers increase the probe-
not appear to be significant beyond an age of 15-20 years bility of layering, and a number of studies have described
(Perala 1977; Zasada et al. 1992) in trees of root sucker ori- site-specific differences in layering (Bakuzis and Hansen
gin. Trees of seed origin may behave differently, but this 1965; Leg6re and Payette 1981; Bums and Honkala 1990a;
does not seem to have been studied. The origin of basal Zasada et al. 1992). Layerings do not survive ground fires,
sprouts in aspen is assumed to be from preformed buds. but they do survive insect outbreaks or careful harvesting

Balsam poplar and birches have the potential to sprout that kill the larger trees, leaving the understory intact. In
from preformed and adventitious buds (Stone and Cornwall lowland black spruce stands (as well as in upland stands in
1968; Kauppi et al. 1987; Rinne et al. 1987; Zasada et al. the eastern North American boreal forest), they can be an
1992). Differentiation of these bud types is best done by ln- important regeneration component of the next stand pro-
cation of the bud trace to the pith that is present in pre- vided they are not seriously damaged during logging
formed but not adventitious buds (Romberger 1963; (Jeglum and Keunington 1993).
Kormanik and Brown 1967; Halle et al. 1978). However, Rooting of detached branches is a variation of the layering
shoots from adventitious buds originating from the inner process. This occurs only in balsam poplar and is possible
bark on stumps are easily distinguished. Development from because of the presence of preformed root primordia. It has
adventitious buds appears to be most common or restricted been observed to occur naturally on floodplains and in har-
to seedlings in birch, while mature balsam poplar retains this vest sites where branches are broken and buried during fell-
potential. Preformed buds seem to be the main source of ing and skidding of trees (Zasada 1986).
basal sprouts. The work of Stone and Cornwall (1968),

Kauppi et al. (1987), and Rinne et al. (1987) on develop- Dispersal of seeds and asexual stems
ment and longevity of buds for birch species in Finland pro-
vides an excellent introduction to the dynamics of the bud Dispersal, along with disturbance size and predisturbanee
bank. species composition, determines the regeneration composi-

Although the exact age at which the potential for sprout- tion, density, and patchiness. While there has been a great
ing begins to decline is not well established for these spe- deal of empirical and theoretical work on dispersal of seeds,
cies, it seems that after approximately age 4050 years, there has been very little study of the dispersal (perhaps dis-
some trees lose the capacity (Safford et al. 1990; Zasada et persion is a better word) of asexual root suckers in relation
al. 1992). Thus, up to that time, predisturbance tree distribu- to the spatial array of clonal boles.
tion can be a good indicator of the postdisturbauce stand.
But as trees age, sprouting potential declines and tree distri- Seed dispersal mndels
bution after disturbance is more difficult to predict: As with Important clarifications must be made at the outset. The
seed production, it would appear that a unimodal function first involves the term "dispersal curve." We will define a
relating sprouting capacity to age and size is required, dispersal curve as seed density versus distance from a

Reductions in sprouting potential occur when fires are se- source. For a single tree (a point source), the distance, x, is
vere or when harvesting activities badly damage the stumps ziero at the base of the parent bole. Three other source geom-
(as can happen when harvesting occurs during the period of etries are of interest in forest ecology. We define an area
active cambial growth and bark layers are easily damaged) source as an array of point sources measuring at least a few
(Lust and Mohammady 1973; Zasada 1986). The timing of hundred metres in length and width. A strip source (e.g., a
disturbance affects the vigor of the sprouting response, but species tending to adhere to hillslope contours) is as long as
does not prevent it (Lust and Mohammady 1973). an area source but can be much narrower. Finally, we define

I_ The buds that determine the potential for layering occur a patch source as a collection of point sources less than a
t on the branches and the main stem of the tree. Successful few hundred metres in both length and width (e.g., residual

layering depends on the ability of the branch or stem to de- stands in clearcuts, typical natural residual stands in burns).

velop roots and eventually function independently of the There has been much unnecessary debate about the typical
parent tree. Among the conifers, black spruce and cedar shape of dispersal curves and, worse, attempts (e.g., Johnson

readily layer, while balsam fir, tamarack (Larix laricina (Du 1988) to statistically compare the regression parameters de-
Roi) K. Koch), and white spmce do so on a more limited ba- rived from varying source geometries. Different functions
sis; layering in pines is rare. Balsam poplar is the only one are required for each source geometry. Both empirical and
of the three broad-leaved species that layers and it has the theoretical work (reviewed in Greene and Johnson 1989)
greatest potential to do so of the species considered in this shows that wind dispersal point sources exhibit strongly
paper (Bannan 1942; Bakuzis and Hansen 1965; Leg_re and right-skewed dispersal curves. Greene and Johnson (1989)
Payette 1981; Burns and Honkala 1990a, 1990b; Zasada et modeled this point source curve as a lognormal expectation.
al. 1992; Fayle 1996). Layering occurs when lower branches The expected mode is, in some species, so close to the trunk
or the entire stem are pinned to the ground by branch fall or (and is bolstered by a small fraction of the crop that abscises
buried by moss/organic layer development or soil deposi- as single cones or catkins) that some authors have modeled
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the curve as a negative exponential (e.g., Hubbell 1979) or be off by as much as threefold in tile prediction of density
modified negative exponential (e.g., Ribbens et al. 1994). because of their heavy reliance oil default values for the
Accumulation of the deposits of the constituent point source micrometeorological parameters. No matter what the nomi-
curves within an area source will, with ,v = 0 defined as the hal dispersal season lel_gth, the majority of abscission events
source edge, lead to either a nearly negative exponential seem to take place in only a few "bursts" (associated with
curve (see empirical evidence and the micrometeorologicat low relative humidity and high wind speeds: Harris 1969;
nmdel in Greene and Johnson 1996) when the area source Greene and Johnson 1992) and these total only a few days.
adjoins a clearing or a more initially gentle decline in den- Thus, dispersal capacity may well vary from one year to an-
sity when the area source is located well within a forest, other for the same species at the same site (Zasada et al.
This difference in the shape of area source curves is due to 1992). On the other hand, this approach has the merit of
the rapid acceleration of wind speeds at a forest-cleuring simplicity: only forest height and terminal velocity need be
edge. measured.

By contrast, patch or strip sources should initially show a A final model concerns what Greene and Johnson (1995)
*¢ very gentle decline within about one tree height of the have termed long-distance seed dispersal. A fraction of the

source edge, followed by a rapid decline. (There is almost crop will experience a positive vertical velocity (updraft)
no empirical work on seed dispersal from patch or strip that exceeds the terminal velocity, and thus, the seed is ini-
sources.) Clearly, no single function can express this variety tiaLly rising and capable of dispersing very large distances
of curve shapes. (cf. Zasada and Lovig 1983), Greene and Johnson (1995) ar-

All of the boreal forest tree species are wind dispersed, gued that this long-distance fraction, k, might be modeled as
and thus, we can take advantage of decades of micro- a uniformly distributed "bath" of seeds at the scale of sev-
meteorological research done on particulate emissions from eral kilometres with a seed density (Nm) of
smokestacks and on canopy flow. Greene and Johnson
(1989) derived a point source model as NDL = gpQMok

NDX = [O/(2[I)t'scylnxX2]exp {[ln(x/xa5) ]2/2_zn x} where g is the landscape fraction that has reproductively ma-
ture forest, p is the fraction of the forest consisting of the

where Q is the crop size, NDX is seed density at distance x, species of interest, and k is given as a proportion using the
_J_,,._is the standard deviation of the logarithms of the dis- normally distributed "z-score":
tances traveled, and Xo.5 is the median distance traveled by
the crop. For a single tree in a forest with a canopy of (0J23 + 0.01712) 0.5
leaves, they defined Xa.5 (Greene and Johnson 1996) as

Thus, for a forest adjoining a very large clearcut or bum, we
Xu5 = z_a4 0.43/] can write the full equation as the sum of NDLand NDX(1 -

where j? is the mean terminal velocity (metres per second) of k). We note that this full equation exhibits a steep decline
the seeds and zh is the tree height (metres). Assuming default out to about 150 m; at greater distances the long-distance
values for the standard deviations of the vertical wind deposit predominates and we expect a flattening of the curve

speeds, horizontal wind speeds, and terminal velocities, (e.g., Pickford 1929; MacArthur 1964; Galipeauet al. 1997).
Greene and Johnson (1996) defined the measure of spread in We note that arguments about whether empirical functions
the point source curve as such as the negative exponential or power law (Harper 1977)

better fit observed curves depend on the scale of observa-
¢Jlnx = [0.32+(O123/f2)] as tion. Limiting observation to 100 m from a forest edge

should favor a negative exponential expression. Bat at
The modal distance (Xm) is given as greater distances, the decline becomes too gentle, and a

xm = xas[ex p (-t_2nx)]2 power law function would be more appropriate.
We mention in passing that while there are published val-

Given the typical range of boreal terminal velocities 0_ = ues on terminal velocities for most boreal species, it is not
0.28 m/s for balsam poplar, ] __1.0 m/s for cedar) and, say, a known how much these values vary from one population to
tree height of 25 m, we expect 17 < xos < 70 m. By contrast another across a species' range. Greene (1990) documented
die mode is expected to lie at around 5 m regardless of dis- a steep latitudinal gradient in terminal velocities for the
persal capacity, montane todgepole pine (Pinus contorta Dougl. ex Loud.

The dispersal curve for sources of varying geometry nan vat. latifolia Engelm.) from Colorado to the Yukon. This re-
be developed on the computer simply by summing the con- salted in almost a halving of the mean population terminal
tributions of the point sources in Cartesian space. For the velocity.
special case of area sources (with distance defined perpen- The consequences of the constrained dispersal outlined in
dicular to the source edge) abutting a clearing, Greene and the above modeling exercise are well known to foresters.
Johnson (1996)derived the equation Sexual-origin natural regeneration after disturbance in a

ND x = 05QM ° exp(_2xUS9 d,_a75/Zh0.69) large clearcut or burn seldom gives adequate stocking be-
yond about 75 m from a forest edge even when the species

where M o is the source tree density and Q should now be of interest dominates the source (e.g., MacArthur 1964; Har-
defined as the mean point source crop size. ris 1967; Tenhagen and Jeglum 1997). The equations devel-

The foregoing equations offer a reasonable prediction of oped here predict this constraint. The area source equation
deposited seed density, but we should point out that they can coupled with the production equation (preceding section)
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and an assumption of survivorship on the order of 0.0l for that thin to one or a few stems at 50-100 years following
each of five consecutive cohorts predicts that a well-stocked disturbance (Safford et al. 1990; Zasada et al. 1992).
monocutture of conifers could not achieve adequate stocking In the forest-tundra transition zone, layering in black
in a square clearing exceeding about 250 m on a side (and spmce does not result in clonal dispersal exceeding a few
this ignores the tendency for as much as a threefold differ- metres from the parent crown edge (Leg6re and Payette
ence in azimuthal frequencies of dispersal directions). 1981), although the process is important in maintaining

Solutions that ameliorate the dispersal problem are like- these treeline populations.
wise well known to foresters. Shelterwood and strip cuts Dispersal of root suckers of the two poplar species can be
(50-100 m in diameter) effectively eliminate the dispersal considerable. Aspen suckers have been observed up to 21 m
constraint. Leaving residual patches of seed trees (around from the nearest bole (Graham et al. 1963; Barnes 1966;
5% of the total cut area) is helpful in large cuts, but there are Tappeiner 1982). However, in well-stocked balsam poplar or
problems with blowdown, and there is the paradoxical prob- aspen clones, expansion at the edges is typically on the order
lem that we should preferentially leave the trees we prefer to of 6-10 m (Perala 1977; Krasny et al. 1988). Greene and
cut. Johnson (manuscript) found no aspen suckers more than

We mention finally the boreal species that has caused the 11 m from the nearest isolated aspen boles in a 2-year-old
most problems for foresters: white spruce. While it is tolera- Quebec burn. It would appear, then, that most poplar root
bty well dispersed (f _ 0.60 m/s), it often comprises less suckers are located within about 5 m of the nearest bole with
than 50% of the total basal area. In consequence, it often a far tail for the dispersal curve that declines rather abruptly
fails to meet stocking standards except near edges. Worse, it for the ensuing 10 m.
has one of the highest coefficients of variation of seed pro- How might we model this "dispersal?" Ribbens et al.
duction of any boreal species and has, compared with cedar (1994) modeled American beech (Fagus grandifolia Ehrh.)
or balsam fir, relatively low densities of advanced regenera- root sucker point source dispersal as
tion. It is therefore not surprising that its natural regenera-
tion is so unreliable. It may be small comfort to foresters, Nnx = (aB/d)exp(-bx 3)

but white spruce performs no better in the immediate after- where a is a production coefficient that translates the basal
math of fire: stocking criteria are reached only near burn area (B) of a single bole into a total asexual stem production,
edges (MacArthur 1964; Galipean et al. 1997; Johnson and b is a slope determining the rate of decline, and d is a
Greene 1997). Indeed, white spruce serves as a reminder rescaling parameter dependent on b. This function has the
that metapopulation persistence is not necessarily mediated merit that it assumes that a large basal area confers a con'e-
at the regeneration stage, spondingly greater reserve of carbohydrates in the local root

system, and it permits an initial gentle decline in sucker den-
Secondary dispersal sity to give way to a very steep decline (the cube of dis-

Secondary dispersal of seeds by wind on intact seedbeds tance). A problem is that it assumes that the dispersal!

is a very unlikely event (Johnson and Fryer 1992), as the eoefficient, b, is independent of tree size (B) and, further,
rough microtopography offers too many "dead air" spaces, does not permit sprouting density to decline as trees senesce.
The small seeded poplars ought to be the most likely candi- Preliminarily, we suggest that if aspen sucker densities fol-
dates, but personal observation indicates that plumes adhere lowing disturbance (say, the third year) are on the order of
to organic and inorganic surfaces following even a slight 15/m 2 in a large cut or bum (Zasada et al. 1992), basal area

! wetting such as dew. density in the predisturbance stand is 0.0025 with a bole
Greene and Johnson (1997) argued that long-distance density of 0.07/m 2, and 95% of recruitment is within 10 m,

1 (>500 m) dispersal on snow by seeds of the primarily au- then reasonable values would be a = 6000, b = 0.002, and
tumn-dispersing (nonpoplar) species should be relatively un- d = 179. Testing this prediction in a clonal array of boles

, important because too little of the crop (around 10% or less) would require the same maximum likelihood approach as

,! abscises on snow (cf. Zasada et al. 1992). However, J.C. used by Ribbens et al. (1994).

_! Rue1 (personal communication) has documented that

30-50% of the crops of white spruce and balsam fir abscise Germination and early survivorship
on snow in central Quebec, and this large proportion should,
given the model of Greene and Johnson (1997), considerably The length of the hypocotyl is proportional to the mass of
enhance seed deposition at distances greater than a few hun- the seed, and thus, germinant size is dependent on seed size

i_ dred metres. In any case, while secondary dispersal dis- for the first few weeks until the deployed first true leaves re-

tances on snow can be considerable in clearings, it is place the endosperm and cotyledons as the primary source ofunimportant well within forests where wind speeds at the carbohydrates (Grime and Jeffrey 1965; Charron 1998). This

snow level are rarely high enough to permit entrainment leads to two predictions. Much of the tremendous mortality(Greene and Johnson 1997). Secondary dispersal of poplar in the first summer will be due to desiccation, and thus,
seeds on water certainly occurs (cf. Zasada et al. 1992) but it larger seeded species should have higher survivorship due to

:' has not been quantified, their greater length (penetration of high porosity, rapidly

i drying litter or moss layers) and lower surface tO volume ra-

"Dispersal" of asexual stems tins. The second prediction is that survivorship will be high-
There is no "dispersal" or clonal expansion as a result of est on those seedbeds (mineral soil, humus, or well-rotted

stump sprouting. Paper birch (following fire or cutting) can logs) where porosity is low and water can rise freely via

! merely replace itself with a large number of basal sprouts capillary action.

i! _i1
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Relative to tropical or midlatitude forests, there is reta- mineral soil and thin organic seedbeds had been reduced to
tively little interspecific diversity in seed size in the boreal 20% of their original coverage. When stem ages have been

_ forest. We can arbitrarily divide them into two groups. The carefully measured, it appears that the great majority of the
conifers have larger seeds (2-10 mg (black spruce to balsam sexual-origin stems of all species arrived within the first 6
fir)) whereas the three hardwood species have much smaller years following fire or cutting (Cayford 1963; St. Pierre et
seeds (0.1-0.5 mg (balsam poplar to paper birch)). There is al. 1992; Johnson and Greene t997).
more than an order of magnitude difference in hypocotyl
lengths and radicle lengths between balsam poplar and bal- Intact forests

sam fir (Charron 1998). There is little work on first-year survivorship of boreal
species under intact forest. Generalizing from the sparse lit-

Clearings erature, it would appear that initial survivorship is inversely
Most of the experimental and descriptive work on proportional to organic depth (as in clearings) and that with

,. survivorship/seedbed relationships has been with the two equal depth, survivorship declines as raoss-covered togs >
most common boreal species: black spruce and jack pine. In moss > needle litter > broadleaf litter (Knapp and Smith
both burns and clearcuts on nonhydric sites, there is broad 1982; Bonan and Shugart 1989; Harmon and Franklin 1989;
agreement that mineral soil, humus, and well-rotted logs Bartlett et at. 1991; Cot6 and Belanger 1991; Nakamura
have the highest initial survivorship (St. Pierre etal. 1992; 1992; McLaren and Janke 1996; Szewczyk and Szwagrzyk
Fleming and Mossa 1994, 1995a, 1995b; Groot and Adams 1996; M.-J. Simard, unpublished manuscript). There is some
1994; Duchesrte and Sirois 1995; cf. the review of Zasada et evidence that germination rates are higher on broadleaf than
al. 1992). Further, the great majority of the mortality for a needle litter but that subsequent survivorship is higher on
cohort in the first few years following disturbance occurs in needles (McLaren and Janke 1996). Such changes in the
the first summer (e.g., Cayford 1963; Fleming and Mossa comparative quality of organic seedbeds at different stages
1995a). appear to be common (Collins 1990; Sehupp 1995).

The optimal seedbeds (mineral soil, organic layers less By 20 years of age, the rapid accrual of leaf area in the
than a few centimetres in thickness) comprise about 20% of developing stand and the aggradation of mosses makes rain-
Saskatchewan burns (Johnson and Greene 1997), which is a erul soil and humus seedbeds increasingly rare. These latter
much larger percentage than for scarified (e.g., Fleming et seedbeds comprise only about 1% of the forest floor in an
al. 1987) or prescribed burn clearcnts (e.g., Chrosciewicz intact 150-year-old Tsuga forest on level ground in Ontario
1976). Typical seedling densities for jack pine and black (Johnson and Greene 1997) or a 100-year-old fir forest in
spruce in burned stands with a prefire basal area density Saskatchewan (D.F. Greene and E.A. Johnson, unpublished
(summed basal area per area) exceeding 0.00l are 1-10/m 2 data). First-year survivorsbip should decline with stand age
(St. Pierre et al. 1992; Johnson and Greene 1997). (as organic layers thicken), while seed production per square
Survivorships for early arriving cohorts of these two species metre should increase as basal area density increases. The

t vary between about 0.01 and 0.1 depending on the study net effect of these two opposed tendencies can be gauged
(e.g., Cayford 1963; Groot and Adams 1994). from the chronoseqaence study of Kneeshaw and Bergeron

There is little comparable work with the other boreal for- (1998) where some boreal species tend to show a unim0dal
est species (especially the hardwoods). For the montane sub- temporal distribution of advanced regeneration densities in

i alpine fir (Abies lasiocarpa (Hook.) Nutt.) and Engelmann relation to stand age.

spruce (closely related to balsam fir and white spruce, re- First-year survivorship appears to be more strongly re-

spectively), Day (1963, 1964), and Alexander and Edminster lated to seed size (germinant size) than to shade tolerance
(1983) reported similar seedbed preferences as with black (M.-J. Simard, unpublished data). One might speculate that
spruce and jack pine. One month following a spring bum in species-specific differences in shade tolerance do not begin
Saskatchewan, Charron (1998) found no balsam poplar to affect relative seedling densities until perhaps the second
germinants on any seedbed except mineral soil that was year, as the effect of tolerance is masked by the extraordi-

_ within a few centimetres of a burnt trunk (presumably due to narily high mortality during the germination stage.
the enhanced moisture from stem flow and shading). Like- In conclusion, early survivorship under intact canopy is
wise, Zasada et al. (1983) found aspen and balsam poplar possibly similar to the situation in clearings except that or-
seedlings only on mineral soil seedbeds following burning ganic seedbeds cover the great majority of the seedbeds and,

•.. and artificial seeding, consequently, seedling densities are much lower. Although

We argue that there is a narrow window of opportunity for we could employ production and dispersal arguments to esti-

i invasion of clearcuts and burns. By about the fifth to seventh mate the seed density in Cartesian space, we are presently

year following disturbance, the accmal of litter and the unable to assign species-speclfic first-year survivorships to
aggradation of mosses make the optimal seedbeds suffi- any of the boreal species as a function of seedbed character-
ciently uncommon that establishment becomes a rare event istics or (as a surrogate) stand age.

perhaps for the tolerant balsam fir. For white One ask: why bother with the first-year underexcept very might stage

spruce and paper birch, J.C. Zasada and T. Wurtz (unpub- intact crowns? Why not instead rely on estimates of ad-
lished data) and Zasada et al. (1978) showed a decline in vanced regeneration density as a function of stand age, light
first-year survivorship with seedbed age. Similarly, Fleming conditions, and source basal area? Our response is that the
and Mossa (1995b) reported a decline in first-year cohort in its first year can have appreciable densities, and,
survi'vorship with black spruce. By the fifth year after a site- unlike the advanced regeneration, these densities are less
prepared cleareut, Fleming and Mossa (1995b) reported that strongly related to shade tolerance. Thus, budworm crown
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damage, wind-induced disturbances, or careful logging can According to this argument, low-density postfim poplar
potentially leave a substantial density of intolerant species in stands will thiu as rapidly as dense stands because the initial
the initial recruitment if the disturbance was preceded by a stored carbohydrate pool is correspondingly smaller, al-
mast year. though empirically low prefire B-r stands have their subse-

quent stem density uuderpredicted by about two to threefold.

Influence of surface conditions on vegetative

reprorluction Advance regeneration
Surface conditious iufluence the density, spatial distribu-

tion, and rate of development of vegetative reproduction to Advance regeneration consists of seedlings and vegetative
varying degrees depending on species and types of bald reprodnction present in a mature forest and potentially able
banks. Of the main types of bud banks described above, the to replace the overstory following natural or human dismr-
basal stem buds are probably least influenced by surface bance. Species composition of the regeneration may be simi-
conditions, although reduction of forest floor depth around /ar to the overstory or a difl_rent species and may or may
the base of the tree might result in the a_lease of more bnds not be tile desired species. Although advance regeneration
and an increased rate of early sprout development from buds has been recognized as potentially important for postharvest
originating below the forest floor (Rinne et al. 1987). stand replacement for many years, it was mostly ignored

For aspen, a number of studies fi'mn different parts of the when forest management followed the agricultural model
range have shown that soil temperature influences sucker and planting was tile preferred means of stamt replacement.
production (Pera/a 1990). The depth of the forest floor influ- With escalating costs of regeneration and the desire to have
ences the temperatnre in the zone where aspen roots are cola- forest management mole closely approximate uatm'al pro-
centrated, thus potentially influencing sucker density, Depth cesses, there has been renewed interest in encouraging ad-
and condition of the forest floor are directly influenced by vance regeneration and taking adwmtage of it in harvested
disturbances like fire and fi)rest harvesting. Bella (1986), for areas. In the work done to date, and cited below, it is obvi-
example, feuod that the amount of logging residue influ- ous that factors regulating uatural regeneration in the
enced the density of suckers, but suckering was sufficient in understory of managed and unmanaged forests ale different
all cases and comparable with the range of sucker density fi'om those in areas that have been clearcut m"essentially so.
following fire. The following discussion summarizes some of the important

Cmnpaction of the forest floor and stlrface soil layers can factors associated with the plesence of advance regeneration
greatly reduce suckering potential. The most severely dis- across the boreal forest. The filctors considered here are
turbed areas in harvested stands, e.g., skid trails and land- overstory condition, seedbed condition, and type and sever-
ings, often have low slicker density or no suckers because of ity of disturbance.
damage to soil or the roots. Studies of aspen suckering re- The condition of the overstory in terms of composition,
sponse to varying levels of soil compaction and organic mat- potential tbr seed production, distribution of species, canopy
ter removal indicate that both variables affect sucker density cover, and age is critical for understanding the potential for
and early growth, but that the magnitude of the effect is regeneration of desirable trees and the potential for develop-
greater on clay soils and less on sandy soils (D. Stone, per- ment of plant species that interfere with establishment.
sonal communication; J.C. Zasada, unpublished data). These factors aft?ct other biotic processes, for example

In black spruce, layering is affected by forest floor aecu- herbivory, that may determine regeneration success. There
mnlatiou. Generally, in the western boreal forest, layering is are many ways to characterize the overstory; stand basal
much less commml on uplaud than on lowland sites where area is one common way and some considerations in using
moss grows over lower branches (Viereck and Johnston this variable are discussed below. Bgland and Bergeron
1990). By contrast, in Ontario, Quebec, and the Maritime (1993) and Kneeshaw and Bergeron (t996) found that ad-
Provinces, layering can play a significant role in black vance regeneration was positively correlated with the basal
spruce regeneration (Hatcher 1964; Doucet 1990; Cauboue area density of parent trees; however, Morin and Laprise(1997) and others have not found this relationship. There is
and Tremblay 1993). most likely a threshold such that the abundance of advance

regeneration is correlated with the basal area of adult trees at
Survival of asexual stems in clearings low basal areas but that this relationship is less significant or

Unlike sexual stems, cohorts of asexual stems of aspen nonexistent at higher basal areas when the overstory corn-
and balsam poplar continue to have very low survivorship pletely dominates the site. The presence of advance regener-
after the first year. Presumably, this is due to competition for ation was strongest for cedar and black spruce in the
shared carbohydrates in the clonal root system rather than Kneeshaw and Bergeron (1996) study, but for both, the
(at least in the first years) competition for light. D,E Greene majority of the variation in regeneration was not related to
and E.A. Johnson (unpublished manuscript) have used data basal area; in both cases, the partial R z was about 0.2. For
sets from recent fires (2-18 years) in Alaska, Saskatchewan, balsam fir and white spruce, the percentage of the variation
and Quebec, as well as yield tables for aspen in central Sas- in seedling abundance explained by parent tree basal area
katchewan (20-100 years old), to show that asexual stem was about 10% whereas for the hardwood species, even less
density (FD) is a function of prefire basal area density B.r variation could be explained. In the stands studied by
and time since burning (t) as Kneeshaw and Bergeron (1996), balsam fir basal area den-

sity ranged from about 0.000 42 in the youngest stands
FD = 45 000(t + l)-]'64Br to 0.001 55 in the 147-year-old stands. (Grouped by stand
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composition, fir basal areu density ranged from 0.000 29 in creases (e.g., GhenF et uh 1957; Bergeron et al. 1995; Suet
hardwood stands to 0.001 31 in mixed conifer stands). In the al. 1996).
Moriu aml Laprise (1997) study, the balsanr fir basal density The nunaber of balsam fir seedlings killed directly by the
was 0.002 33 - 0.007 /9, with an average of approximately budworm (Spencer 1985; Ruel 1991) or due to falling trees
0.004 in mixed balsaut fir - paper birch stands. At these and shrub contpetitimt (Ghent et al. 1957) increases with the
basal areas, the relationship with seedling abundance is severity of the outbreak. Direct inortality is proportkmal to
weak but significant at least in some areas at low density, the height of the advance regeneration, with taller seedlings
The direct relationship between advance regeneration and experiencing greater damage then smaller seedlings (8pen-
basal area of mature overstory trees needs to be further ex- cer /985; Ruel 1991). Ruel (1991) found that the abundance
plored before it can be used as a predictor of advance regen_ of steins taller than I m decreased with increasing defolia-
eration. We point out that for hardwoods and conifers in lion, while Ruel and Huot (1993) found few fir steals greater
Connecticut, Ribbens et al. (1994) found that a simple re- than 50 cm in height where defoliation was severe. Vincent
cmitment model with two parameters (source basal area and (1955) found that t_generatiou less thai 25 cm in height ex-
distance) explained typically 50% of the variation iu periencedonly light defoliation. Iu Miuuesota, shrub success
germinant (and for two species the l- to 3-year-olds) densi- was fonnd to be greatest where balsam fir mortality was
ties. Their study operated at a scale of hundreds of metres, greatest (Batzer and Popp 1985).
and thus the problem in the boreal studies may be related to The ratio of species success was also found to vary fol-
scale (dispersal). lowing budworm outbreaks. Gheut et ah (1957) suggested

The basal area of the different species in the overstory is that increases or decreases in the fir to spruce ratio are due
an indirect measure of the understory microenviroumenl that to regional differences. Kneeshaw and Bergeron (1998) also
affects seedbed conditions, light, understory composition, fuund that compositional type had au impact on species re-
and other biotic aid abiotic factors that directly determine cruitmeut following budworm outblvaks. In their work, bal-
the potential for the establishment of advance regeneration, sam fir, although always the most abundant seedling,
A number of authors have noted that conifer tree regeuera- decreased in proportion in the older conifer-dominated
tion is reduced on hardwood leaf litter wheu compared with stands whereas cedar increased. Furthermore, they tound
conifer needle or moss seedbeds (Place 1955; C0t6 and that fir was negatively correlated with gap size (and gap size
B6langer 199l; Bdlanger et ah 1993). Kneeshaw and increases with increasing fm_st age), while other species
Bergeron (1996) also noted little conifer regeneration under such as birch were often positively correlated. Frelich and
aspen and birch stands. Doucet (1988) tbund that balsam fir Reich (1995) also suggested that cedar, because u is a
advance regeneration was most controlled by stand type. A aonhost tree, is able to increase at the expense of fir where
dense herb comnmnity will not only compete for resources, fire does not occur for long periods.
but will create a barrier to the establishment of seedlings due Marchand (1990) suggested that spruce budworm out-
to its leaf litter (Coates etal. 1994). Dense herb layers are breaks result in the forest shifting back and forth between
often associated with rich sites. It has been suggested that birch and fir dominance. In forests to the east. spruce
such dense herb layers may explain the lower regeneratimt budworm outbreaks have been suggested to cause a cycling
densities fotmd on rich sites (Harvey and Bergemn 1989; of fir forests (Baskerville 1975; MacLean 1988: Morin
Groot 1995). 1994). However, changes in seedling density tollowing

Youngblood (1995) found that white spruce was recruited budworm outbreaks were also found to vary with stand
in widely varying densities among different community structure in these eastern forests. In one study, hardwood re-
types in mixedwood stands in Alaska. Lieffers et al. (1996) generation increased the most in mature stands and the least
also showed that white spruce recruitment can be highly in immature stands, while fir regeneration abundance had its
variable. Fnrthermore, they suggested that recruitment is greatest declines in the older stands (Spencer 1985).
limited by light levels: aspen stands transmit sufficient light Gaps may also be formed by individual or group tree mor-
ro permit continual low-density recruitment whereas sites talky due to other insects, pathogens, or wind or ice storms.
with a high conifer basal area may have little recruitment Species regeneration dynamics have long been associated
due to low light levels. White spruce recruitment may there- with gap processes in tropical and temperate torests, and in
fore occur under aspen canopies until the developing the last decade, they have also been studied tbr higher lati-
anderstory spruce develops sufficient leaf area to impede rude coniferous forests. In Appalachian forests, balsam fir
further recruitment, seedling densities were found to be significantly higher un-

Disturbance in the boreal forest often occurs as a result of der canopies than in gaps (Perkins et ah 1992). In boreal for-
insect defoliation or bark beetles that may or may not result ests of northern Sweden, Hytteborn et ah (1987) found that
in death of the overstory. Spruce budworm outbreaks have a the presence of gaps was necessary for the survival of birch
uegative impact on balsam fir regeneration density, Most seedlings whereas spruce established and survived m both
studies (Ghent et al. 1957; Fye and Thomas 1963; Osawa gaps and under the canopy. Another study from the boreal
1994; Morin and Laprise 1997) show that fir and spruce forests of Sweden suggested that most gaps were too small
seedlings establish before the outbreak. The budworm con- for the favorable regeneration of intolerant species (Qiog-
sumes the reproductive tissue of host trees, and thus, seed hong and Hytteborn 1991).

production is limited to trees not attacked by the budworm. Most research seems to show that the response to open- [
Many studies have shown that mortality and damage of fir ings is in terms of growth rather than increased regeneration
are less where fir basal area is low. The proportion of mor- abundance for conifer seedlings (e.g., Dai 1996 for Scandina- i'"
tality and damage increases as the total fir basal area in- vian species). Intolerant species may, however, have positive
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cprieh_ti_m> with partla_ di_turbunce_ in tern> o( >ecdhng spruce wa_ at trust partially lhni_cd by tbc lack of seed trees.
,d_umlance te.g., birct/_ccdhng dcnsit) wu _:po_itb, ely torte- };risque et al, ( 19781 repl>rlcd a tess of up to 80% of the
luted with gdp size: Kneeshaw and Bergeron b}98) Gasps seedlings during harvesting. In both studies Ihe decreases ill
are al,o et_rrclated witil seedling survival. _vili_ t,penmgs be- st_cking were much less than tile decrease dl seedling densi-
mg nv'cessary for tile -_urvhal of i_tolerant specie'< :ks dis ties, and tiler hiffves_, stofkiug is n/t_r_., important thlm den-
cuv;ed v'arlier. _l_e crc;_don of dse gap may re..ult in d_c sity in assurii_g an effectively regenerated qand. Reductions

mortality of advance regcneratum, ii-_stocking were 6()_', in the ttarvey and Bergcron (1989)
l,arge scale chm;it/e paUerns will al.o bare an hap:let t_n stndy, 4 26_;1 in dm Fri,;q_le ctal. (1978) study, and 30% in

_t_'cie'_ fegencr_moll densities; warnler or c_dder climates Candy's (1951) study, Yonnghlood /1990) reported less
lllay fa,,or the fegetlel_!tion of one species over another damage Io white sprtlc<" 5ezedlings it/ areas; where2 a nniform
tSteijDn amL Xackris'_on t*)87t Changes in climate may also shclterwIlod was rcnlove*._ by a cable );ruling .system than
have md_mct effects by influencing disturbance regimes, where a ground-ba_t:d 5ystcnl was used. Youngblood's
_hict_ in turn iullucuce regeneration patterns, Warmer aud (19001 work showed that damage to advanc'e regeneration
moister _;mnmers have been linked Io nn increase in the fire during lt_e process of harve>tiug can he reduced by properly

return ieterwd /Bergeroa and Archanlban{_ 1993) which per- designing the harvesting system and ctu)osing the proper
mhs the eat;R_hshment of a greater ablll_dance of la_e season for harvestillg, llardwood stem'_ atsa decreased for
successional _pccics _c_.,dlings (Lht 1990; Richard 1993). lowing ceiling, but dleir abnndanee relative to tile conifer
Where _pecie_; m_xcs are thole conlplex, di[t'creiit species species was _k)tmd m increase, As described elsewhere ie
may replace or imclact _vlttl fir following outbreaks, ()n rich this r_.,vie,,v, hardwoods have tile advantage of bei[ig able to
stte-, (e.g. _he claybclt of western Quet>cc), shrub com.. spront flea/ the basal bud bank after a disturbance and. nil-
petition may ;11_o be _ul important factor linliting seedling less the bad bank is destroyed, will maimain themselves in
densities, spite of faMy severe disturbance. Ou rich sites in western

"I",,,_ }mportan_ considerations ii_ attenlp_ing to utilize ad- Quebec, Itarvey ;rod Bergerun (1989) also repelled an in-
,ante regeneralion m fore_,t management are assuring its creese in cumpetitiuu from shfnbs after harvesting. Har-
presem:c and protecting i_.d r g rvesti _g ofdle ovcrst_ry, vesting {d areas that have been severety attucked by the
Active pr+mn_tion _t reg_.meratmn usnally invnlves removal 5;[)fuce bndwornl may also lead to nnderstocked sites (Ruel
of a portinil _f/he nverstory und. depending on ttle site cou_ and /taut 1093).
dRions, some type _l" disturbance of the fi_rest flo_r to create

a desirable _e_:dbed, Treatment of the overstory may be de ConcIu_ions
signed to crea_e a unif_)rlrt distributhm of trees, as ill the
c_a_ic u_dform shctterwood, or grtmps of trees with gaps of Our airn was to review the literature on tree recrtdtlnenI in
various sizes and shapes, conditions that create nticrocti, tht3 horeal forest with an emphasis on those biotic parume-
nlate_; _imdar to the natural distur}saflces and s_and condi- tees that we deemed to be crncial in a snbsequent modeling
lions mentioned _tbove. in upland, mixedw(_d fl)rcsts in effort. In short, we hoped to arrive at the functions and pa-
Alaska dominated by _.'ddte sprt*cc, Za_,ada and Grigal ralneter initializations that would c_mstitute, a recruitment
ti978), Wurtz and Zasada (I987), and J.C. Zasada and T. subroutine within a hmdseape..scale simulator, W'_:have not
Wurtz (unpeblished dural described regeneration of white sncceeded, flowever, we have identified the gaps i,: our
:,pruce, paper birch, and aspen in uniform shcltcrwoods with knowledge that must im filled betl)re a realistic recruitment
a residua| over'_tory of tO m:_/ha. Pmrnun and Zasada (1986) subroutine can be cnnstructed, in effect, men. we propose
and Youngblood and Zasada {1991) rr:port_..d successful re.. the fl_llowing research program,
generatkm of artitqcially snwn white spn_ce seeds on both (i) Seed pn_duction. Seed production by a species rises
mineral >;oil a_ld organic matter _eedbeds under unitklrnl with basal area but it is not umlcrsttrod what happens at
sheherwt_d_;, l,ecs (19(:_ l_sund excellent white spruce re- tile individual or stand level as trees begin m senesce
g,cneratio_ under sllelterwoods iH Manitoba. Perala and Ahn We propose that, for all the boreal tree species, a stt]dy
tt989) reported successful regeneration of paper birch in a of filled seed production be conducted in stands of wtry-
unil\)rm "shelterwood in Minnesota, From _hese reports and ing stem density, basal area density, and age _with s_te
lr*ma general observatinn, it seems obviotls that all of the be- held mute or less "*constant"), "fhe study need riot last
real species ctm.qdered in this review can be regenerated nn- many years (temporal variation is not the issue} bnt can
tier some level of residual overstory and that the spatial take advantage of landscape synchronicity in masung
distribution of the over:_,gory nan be managed in such a way behaviour to arrive at a function relatillg seed produc*
that most species will survive and grow with residual mature lion to initial stand density and (via a stand growth sire-
trees on the site. hitter which predicts basal area densityj _n stand age.

ttarvesting impacts advance regeneration directly by A second reqniremeul is a ch_se examination of the (quite
physically disturbing the seedlings and indirectly by altering large) body of fnrestw studies on temporal variation in seed
tile microenvimnment, which may then :stress the small tree woduction, "['he function that could be most appropriately
that ha_s developed under lower light conditions. Clear- used in a recruitment subroutine remains unknown
catting often has a dramatic effect on the survival and thus (it) Asexual stem production. As with seed prodnctior|_ the
the abundance of advar_ced regeneration flollowing the dis- relationship between basal area density, age. and asex-
turbance_ Astudy of mechanical and manuul whole-tree har_ ua] stenl density is not nnderstood in a sufficiently
vesting suggests a 92% reduction in softwood regeneration quantitative manner to permit us to write and initialize a
(ttarvey and Bergeron t989). They also suggested that black function, |:urther, there is rapid immediate thinning in
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>,exu:d <cll!s. but tile tegrz, e 1_ _hich it is delcrmined roatine is ool yc_ avaihlblc, b i'_of course poe,sibh, __o wri_n a
by presci/i s_!cker de_l>ity arid predi_lrba_[lce ha:_l _llc_/ _llt){o_ltiIIC {low Iha{ i_{l(il_ sonic f_3nctlon:_or assigttg sonlc-
density (I{le _zc of the carbohydrate i_x_l_) is not an- what _rbitrary ordimd ";c_dc values as ir!uhipliers (e.g.,
derslood One couM exarninc ih_ asexual stem densities VOR_f or SOR'I'/I{). Wc _,ee no reason for hasle. The re-

_{ Ihe t}_ret: tl_ttw_)_(] species, _ay 5 years afIer fire, search program ontlhled here could be eomf, letcd withhl 4
censusmg both tivhlg and dead stem,, aortas,; a broad yesrs if ecedogists and forc:s_ers were sufficiently nn_hdized.
range of prefire basal area densities and ages¸ A similar

_tudy v_oukl be required for a set of harve<ed ]flocks. SilviculttJrM applications
i/) Dispers iI. Thv. seed dispersal model need-, to bc verified The trx.fithmal criticism of naIurat regeneration as a for.

t'of lhe imporlant ca_c _, of pt_ch and strip sources. _.\{ etry _ption lla_ been its unreliability relative to planung.
present, we kltow ot ao empirical data tt_ use in such a }totterer, recent advances _i_h ccrtahl spccicx _itc malliptI-

test. The_e arc no studie, el seed tlisF.ersa[ of either pop- Iatit)nK bavc begun t(! ch_i[Ige this t{titudc, In part]calar,
!at specie, frolll _llly typ,c of SOtlFCC geometry, there has b_.'ell widespread Saccess Widl vcg_'t dive rcgl2nel'a-

Root suck_'r tb,,Dcr_a! for the poplars renl dns to bc tested, ti_,n o[ aspca (rom its c,_ten ivc btld bank, witb lbe aerial
hl stmd,, where the prcdisturbance basal area density _r_s See_] ballks of jr/ok pine tll/{] black spruce, and with tile seed-
hi?.,h, tbis is l_ot a pressing b;suc: a "balh tgrln" Ollght tO saf- ling banks of black ,,pruce and ba]saIll fir. Wbat Ihesc SttC-
{ice But for the speciM _ases of low-density s_aiv.ls {tlld tess stolies bdve hi cos/rhea is thai (i) the source of tile

hma] edges, a ,.paU,dl? explicit model _._.itlbe of value, c_hmizing stems i5 pro_Jdcd in siRt, and thus, dispersal does
(i_) (;clminathm and advanced regeneration. Withhl clear- not conslrain cut sizc, and (ii) the new stems are derived

ings. _ great dcd oi w_rk has }vcen done on coannercial ffonl many years of accmmdated blinks (bLlds, seeds. _oler-
pecies (tile _,,vospruce l'a'cies, fir and jack pinch and it ant seedlings), and thus the uIlccrlaill{y Of tussling behavior
permits us a} make much estimates of typical first,year is avoided.

survivorship as a function of broadly defined seedbed We see two potential impedimenls to the potential in
typos, Bul fl_r the olbel species, d_ere nre too few data at crease in the niilizathm of natural regeneration. The firs.t
present, md e×perimemat studies I _rtificial sowhtgs) are challenge involves nlaxhnizing the reproduction potential
required /n particnlar, repeated sewings fi)r tile first fl:w for the success stories mentioned above. Usiag as;_n _18an
years folh);ving a disturbance wouht be invaluable in a/- examph:, it ix clear that stocking ot_}ecti:'os can be more tell-
lowing a._ to define the "window of opportuaity" ,,:here ably obtained if s,._ifcompaction and damage to ro'._t systems
initial cohort sarvivorship is still relatively bigh. are avoided (e.g., Sheppard 1993; Stone and FAioff 1998).

Per intact forest, there are trio tow data at present for ti5 to Thus, to a greater extent than ill tile past, silvicultural pro-
make vstimates of initial or subseqnent survivorship. W) call scriptions nlnst take inIo accotnlt factors srlch as season of
for artificial sowing of all species oa a range of seedbed harvest and soil conditions.

types with cohor*s followed for at least 3 years. Thus, the The second challenge is to encourage natural regeneration
rote nl shade tolerance will be subsumed in tile exv:cted with the presently more difficult species, and here of course
age-specific sarvivorships, in North America the outstanding problem is white spruce.

/'he relative !requencies of the seedbed types following This species has neither bnd oor seed nor (extensive} seed-
varying disturbance agents or, m tbe absenc_ of disturbance, ling banks, it has marked _and unprediclable) masdng, and it
.._sa fanctioI_ of db.larbance intensity, stand age, and site seldom comprises tile majority of tile source basal area at
type cam_ot ye_ be generalized, Yet, inkiat survivorships fvr the scale of a large harvesting block (and cnnsqueutiy, the
a species oftenvary hy more than an order of nlagnitnde source strength is not great). In short, it has the suite of
across seedbed types, and thus the relalive frequency of the characteristics that abnnst guarantee unreliable stncking in
.;ccdbedx becomes a crucial factor. Stand age, particularly as largo cats. These problems can lye reduced (bat not elitni-
iI afh:cts moss thickness and Ihe availability of well- hated) by silvicultarid systems guided by three simple prin-
decomposed boles, would appear to be st crncial parameter, ciples. First, obviute tire dispersal caastraint by reducing the
h may also be the con!onnding w_riabte in the poor relation, lnaaximum distance from source to seedbed (via strip cuts or
ship between advanced regeneration density and basal area shelterwo(_t). Second. enhance tile density of seed deposi-
density for the tolerant (cedar, balsam fir) and miklty to!er, tion by ieaving u large amount of soaree trees al cnt edges
ant (white spruce) Lacteal species, (i,e. sor_le;vhat counterintuitively, d_e cut perinteter must nor

,. While it is clear that carehd harvesting carl pemlit accept- deliberately enclose the highest volume per hectare of the
abie _;tocking levels via advanced regeneration, this option is most commercially valtmbte boreal species). Third, expose
unty useful if we can predict the preharvest donsines without as much minerat soil and humus as possible. Wltether ibis
recourse to a ground survey in each planned cut block, Hds, prescription is economically viable relative to large-scale
however, we cannel yet do. It would appear that the three phmting remains to t_ seen. In any case. as wax pointed out
factors of most importance arc forest fl_.×_r characteristics, earlier, tile reason that white spruce seklont fomts sear-
light availability, and basal area density, What is required is r;nntnctfltures in ttatare is that its repnaductive traits render it
a set of targe data sets that rehffea spruce and fir advanced intrinsically uureliable as a colonist, Thus, following wild-
regeneration to these three f_tctc,rs and also provMos the size fire. there is seldom adequate stncking hoyond abont I(N) m
and age structures. We rhea ought to be able to predict ad- fl'om a bnrn edge wilh a dense source, and tff course, there is
vanced regeneration density as a population process, only a sprinkling of individuals (via h)ng,,distance dispersal)

In conclusioa, the full range of functions and sl;aecies- near edges with few source trees. In short, it requires an op-
specific c_:_fficieats required for a thorough recrnimrent sul> dmism bnrdering on huhris to imagine that we can someday
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obtain reliabte white spruce regeneration in large cuts when Minist_re des _;orf}lsdu Qut}h_2c, (,)_l_hec, Q_le, llote de ischl_r _
"nature" cannot achieve it. The prescriptkm outlir_ed above the forestiCre n° 55.
would at best alk_w foresters to obtain adequate stocking tile Cayford. J.lh I)6o. So+ _e factors inlluencin_' jack pine regenera-

majority of tke time, but spot phmting woukl uodoubtedly be lion after fire in southeastern Man(to,ha. f)ep. For.. Ottawa. Pubh
reqnired in the tn_iority or cases it we are bound tc, meet No. 1016+
what is perhaps all "unnatnral" stocking criterion+ Charron. 1. 1998. Sexual recruitment _f ree_ >i_wi_ g f re in thesontherll mixedwood boreal forest _)f (]anada. Masters thesis,

Department of (lioh gv ( n co'd a U I vers iv, Montrdal Q Je
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