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ABSTRACT

Calibrating SORTIE’s recruitment subroutine for southeastern Québec:
Verifying the consistency of parameters

Lynn C. Swift

In recent years foresters have used inverse modelling as a tool to predict stand
dynamics for use in research and management. Several models predicting recruitment
density by species have been developed. There has, however, never been a serious
attempt to see if the parameter values for a recruitment model are more or less constant
from one site to another. I compared the performance of two dispersal functions
(Weibull and lognormal) that can be used in the recruitment subroutine of SORTIE to
determine which resulted in higher likelihoods, as well as whether there was a tendency
toward species-specific parameter values among sites. Specifically, I calibrated the
model for seven species in the deciduous forest of southern Québec at four sites located
within 200km of each other. My results support the findings of Greene et al., 2004, that
the lognormal function is a better predictor of recruitment than the Weibull function. I
also show that the previously suggested value for the parameter converting tree diameter
into recruit production is hardly ideal for all species or for a single species across sites.
Further, I show that while the estimated mean dispersal distances tended to be species-
specific, they were not significantly so as they were swamped by inter-site differences
within species. Indeed, it is not at all clear that inverse modelling permits us to

characterize the species-specific dispersal parameters for any tree species.
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A BRIEF REVIEW OF THE REGENERATION DYNAMICS OF
MID-LATITUDE TREES

Ultimately, any model of plant recruitment by seed requires terms for (1) seed
production, (2) seed dispersal, and (3) juvenile survivorship as mediated by seedbed
quality and granivores. In this introductory chapter I will focus on these three factors in
turn. Although occasionally I will mention herbs or shrubs, generally I will restrict
myself to trees. Also, I will ignore asexual reproduction. In particular, I will discuss the
limited realism of the SORTIE recruitment subroutine (the one I will be using) in relation
to each of these processes. Finally, I will conclude with a discussion of selection logging,
and then a brief reminder of why modelling, despite all its pitfalls, is a useful tool for
management.
Seed Production

As noted by Harper et al. (1970), there is a trade-off for plants: those that produce
large seeds will produce fewer of them. This is because seed production is generally
considered a costly exercise for plants that typically results in reduced vegetative vigour
after a high-magnitude seed production year (Harper, 1977). Supporting the findings of
Harper (1977) and bringing them one step further, Greene and Johnson (1994) argued
quantitatively that mean long-term seed production was inversely proportional to seed
mass raised to the power -0.58. Likewise for herbaceous plants, Shipley and Dion (1992)
showed the same inverse relationship (but with a steeper exponent).

Another factor to consider is the size of the plant. Fowells and Schubert (1956)
had earlier shown that canopy trees virtually monopolized seed production. Indeed,

Greene (2000) found that basal area density successfully predicted recruit density



(r*=0.53). Greene and Johnson (1994) showed that mean annual seed production was
proportional to basal area (at least prior to senescence) raised to the power 0.92, while
Shipley and Dion (1992) argued that it was proportional to vegetative dry mass raised to
the power 1.07.

Finally, one might ask: do taller plants produce more seeds because they have
more leaf area or because they receive more light? Holding size constant, Greene et al.
(2002) found that light does play a role: subcanopy trees suddenly released by harvesting
had elevated light levels and comparatively greater seed production than similar-sized
conspecifics in the adjacent undisturbed forest.

Seed production varies annually with most species experiencing the marked
temporal variation called masting. In a study spanning several years in a deciduous forest
near Quebec City, Houle (1994) noted that inter-annual variations in seed abundance and
viability were very strong. This trait is primarily controlled by climatic cues in the year
of bud differentiation--for trees this is typically the summer prior to flowering (Greene
and Johnson, 2004). It may well have evolved as a way of minimizing seed predation
losses (Silvertown, 1980). Thus, as Beckage et al. (2000) found, seedling recruitment
density is strongly linked to seed availability. Species with low seed rain (too few trees
and/or a poor seed production year) produced corresponding less dense cohorts of
recruits.

Soil seedbanks (the retention of viable seeds in the soil for more than one growing
season) are assumed to be of modest importance for tree species in temperate forests
because their dormancy-breaking cues are quite modest (Mladenoff, 1990; Matlack and

Good, 1990; Schiffman and Carter-Johnson, 1992; Yorks et al., 2000). Nonetheless,



some of the species of interest in my own study certainly have the capacity to bank seeds
for a year or two. For example, yellow birch maintains a seedbank (Houle, 1994). Hille
de Ris et al. (2005) found that red maple seeds may become part of a seedbank, if
emergence is delayed in the release season, for up to approximately 15 months, as it
would increase chances of survival. It is unlikely though that dormancy extends beyond
the next spring (Marquis, 1975 — discussed in Houle 1994). Black cherry seeds may
remain viable for up to five years (Marquis, 1975; Burns and Honkala, 1990). Houle
(1994) detected no seedbank for beech. As for white ash, striped maple, and sugar
maple, it is assumed that they have no multi-year dormancy; they shed seeds in the
autumn and these will germinate by the following spring (Burns and Honkala, 1990).
Spatially-explicit models for tree recruitment dynamics have dealt with the seed
production in an uncomplicated way. This portion of the recruitment equation can be
written as seedling density equals some coefficient (intercept) multiplied By tree diameter
raised to an exponent. Thus, if we assume seed production is proportional to basal area
(as with Greene and Johnson (1994)), then the exponent for diameter would be 2—a
value used by Ribbens et al. (1994) and Lepage ef al. (2000) in the SORTIE recruitment
subroutine. (Note that in the next chapter, I will let the exponent vary.) Thus, this very
simple approach ignores much of the biology: the same amount of seeds is produced
every year by a species (there is no masting) and light receipt has no effect on this mean
production. Perhaps the worst feature of this simplicity is that it assumes that tree size
really is a good predictor of seed production. But, as shown by Calogeropoulos et al.

(2003), while it may well be our single best indicator (and certainly the easiest one to



measure), nonetheless tree size within a species at a site typically explains only 10 to
40% of the variation in seed production.
Seed Dispersal

Recruitment of all tree species is limited by seed dispersal at early life history
stages (Hille Ris Lambers and Clark, 2003). No matter what the dispersal agent, there
will always be some clement sites that are not reached. The main reasons advanced in
the literature for dispersal are to escape density-dependent seed and seedling mortality
near the parent (Janzen, 1970; Connell, 1971), to colonize disturbances (e.g. small gaps,
nearby burns, etc, Baker, 1974), and to find seedbeds suitable for establishment and
growth (Howe and Smallwood, 1982). For example, for black cherry, escape from under
fruiting parent trees is imperative where a patﬁogenic pseudo-fungus builds up and kills
the seedlings (Packer and Clay, 2000); sugar maple is affected by density dependent
mortality (Houle, 1994). Yellow birch experiences dispersal over a more extended period
of time (autumn plus winter) than its competitors; this may allow for a broader seed
shadow and thus more careful “exploration” of the local environment (Houle and Payette,
1990).

Seed size plays an important role in dispersal (Harper, 1970). Smaller-seeded
species should have greater dispersal capacity because small seeds are more readily
transported by dispersal agents such as the wind (Venable and Brown, 1988; Greene and
Johnson, 1993): seed mass is proportional to terminal velocity and thus inversely
proportional to dispersal. For seeds dispersed on the outside of animals, smaller seeds
appear to travel farther because they are less readily detected by the animal (Greene and

Calogeropoulos, 2002). For dispersal via alimentary canals, however, there is no



evidence that dispersal capacity is inversely proportional to seed size, although which
animals take which seeds can of course be affected by the relative size of both seed and
vector (Greene and Calogeropoulos, 2002).

Tree height plays a role for wind-dispersed species because (1) trigonometrically,
the taller the parent the farther the seed will travel, and (2) taller trees experience greater
wind speeds. There is no evidence for a similar effect of height on the distance traveled
with animal dispersal.

Secondary dispersal (i.e. further movement after initial contact with the ground)
by wind on intact seedbeds is very unlikely (Johnson and Fryer, 1992) because the wind
speed will be too low. According to Greene and Johnson (1997), even on snow,
secondary dispersal is relatively unimportant within hardwood forests where wind speeds
are quite low, and simply impossible in conifer forests. The importance of this secondary
dispersal in hardwood stands, however, depends on the percentage of the crop that
abscises in winter and the percentage of winter months where snow is present on the
ground (Greene and Johnson, 1997). For yellow birch in Québec, Houle and Payette
(1990) found that 24% of the crop is deposited on snow.

For animal dispersed seeds however, secondary dispersal by caching rodents and
birds may be considerable. Of my two animal-dispersed species, some black cherry fruits
will not be consumed, will fall to the ground, and be moved again by rodents. As for
beech, most seeds have a primary dispersal event consisting of the wind pushing the
massive seeds a few meters laterally away from the parent tree, with subsequent

secondary dispersal by rodents and birds. Certainly, rodents generally do not move the



seeds far: typically only a few meters (Sork, 1984). Birds however, (e.g. blue jays) will
undoubtedly take them much further away (Johnson and Adkisson 1985).

The simple model of recruitment that I will be using (SORTIE recruitment
subroutine) has a dispersal term embedded within it. Ribbens et al. (1994) used a two-
parameter Weibull, as did Lepage et al. (2000). Recently, however, Greene et al. (2004)
argued that the Weibull was an unlikely function on theoretical grounds, and then showed
that the lognormal offered a much better fit for data sets where there was only a single
tree (far from any other conspecifics) within the forest, and a marginally better fit for
situations such as I will face where we have overlapping dispersal curves (i.e. dense
stands of conspecific source trees).

The simple dispersal term in the SORTIE recruitment subroutine does not
differentiate between primary and secondary dispersal. That is, at best, we are looking at
the net movement away from the tree. A more worrisome problem, especially given that
most of my species are wind-dispersed, is that the dispersal term is a constant for all
conspecific seeds regardless of source size. That is, small sugar maples for example will
have the same dispersal capacity as large sugar maples.

Survivorship as mediated by granivores and seedbeds

Generally, in an average year, approximately half the filled seed crop of northern
conifers is lost to granivores and frugivores after abscission (but before germination)
(Greene and Johnson 1998), while another large fraction is lost prior to abscission
(Silvertown, 1980). As mentioned above, it has now become clear that almost invariably
animals prey on seeds in a density-dependent manner in both the tropics and higher

latitudes (Greene, 2000; Wright, 2002)



As for seedbeds, survivorship will be directly affected by germinant size, and thus
by seed size (which is allometrically related to germinant size). It has been well
established that moisture availability is the crucial factor in determining survival during
the first few weeks following germination (Duscheneau and Morin, 1999). Greene and
Johnson (1998) argued that seedbeds could be grouped into those that are high porosity
(e.g. mosses, litter layers) and thus easily lose water in the absence of rain; those that are
low porosity (exposed mineral soil, humus, rotted wood) and thus can re-supply water by
capillarity from lower layers; and, lethal seedbeds such as firm wood, rocks, or puddles.
For the high porosity seedbeds much would depend on the interaction of seedbed
thickness and germinant radicle length. Thus, a thin layer of Polytrichum moss is no
barrier for a tiny spruce germinant that can easily push its radicle into the underlying
mineral soil. By contrast, a 6 cm thick layer of feathermosses is far too thick for the
spruce germinant but no serious obstacle for the very long radicle of an oak germinant.
As has been shown repeatedly, litter removal can increase recruitment by an order of
magnitude (e.g. Hatcher, 1966 for yellow birch; Charron and Greene, 2002 for three
conifer species).

During the first autumn, a cover of fallen hardwood leaves can “smother” (the
forestry term) small germinants such as conifers and yellow birch (Narukawa and
Yamamoto, 2003). They find themselves in total darkness the next spring and their
subsequent survival is severely compromised. However, by the end of the third summer,
the seedlings have become too tall to be affected by leaf fall.

Survival during the first summer is affected much more by seedbeds than by

shade tolerance. Leishman and Westoby (1994) showed that larger-seeded species have



increased survival in low light situations, but the explained variance is small. By the
second summer, seedbeds have no effect on age-specific survivorship (e.g. Charron and
Greene, 2002), and now shade tolerance can play a major role. As Wright et al. (1998)
pointed out, while substrate type is the most important requirement for first-summer
survival, ideal substrates need not coincide with areas better suited for subsequent
survival. Shade tolerance becomes more pivotal for trees as shade tolerant species can
establish seedlings under their own canopy whereas less shade tolerant species require
canopy gaps of various sizes for successful regeneration (Baker, 1949; Forcier, 1975). In
what follows, some of my recruits will be in their second summer and certainly ash and
black cherry have only a modest tolerance of shade.

In intact forests, fallen logs are somewhat rare (and of course the rotted portions
of those logs are even rarer) (Tyrrell and Crow, 1994; Goodburn and Lorimer, 1998;
McGee et al., 1999) unless a major disturbance occurred several decades previously
(DeLong et al., 1997). Spies et al. (1988) found that the area covered by logs in forests
in western North America was 9.8% in young stands, 9.3% in old-growth stands and
6.5% in mature stands. Rotted portions are probably on the order of 1-3 % of the forest
floor. Exposed mineral soil and exposed humus are usually very rare in intact forests—
perhaps less than 1% of the forest floor—except where uprooting of trees in major
disturbances has exposed mineral soil. Much more rarely, digging by pigs, bears, and
other animals can expose much humus and mineral soil.

The recruitment subroutine in SORTIE first included a seedbed-mediated
survivorship term in Lepage et al. (2000). This term permits a set of 10 exclusive

categories (exposed mineral soil, rotted wood, firm wood, etc). Each quadrat is then



subdivided by the cover percentage of each type, and of course the total number of
recruits within each quadrat is recorded. There are a number of problems with this
approach. First, correlation between seedbeds is ignored. For example, portions of rotted
wood on fallen logs tend to be adjacent to portions of firm wood with the former giving
rise to many yellow birch germinants while the latter is barren. The inverse modelling
approach will conclude that rotted wood is a good seedbed, but firm is not too bad.
Another problem is that the model ignores density-dependent losses to granivores. This
reminds us again that we are never looking at primary dispersal curves but rather realized
curves that include primary dispersal, secondary dispersal, and density-dependent losses
which are concentrated near dense groups of conspecific trees. The third problem is that
the model assumes light does not matter. This is probably reasonable for the first
summer even for very intolerant species, but certainly it is less likely to be true for the
second-summer stems that I occasionally use.
Selection Harvesting

In recent years, the objectives of forest management have increased from the
classical optimization—how to maximize wood volume/area/time/cost—to include other
goals, such as maintenance of biodiversity and ecosystem viability (Seymour and Hunter,
1999). Partial cutting creates intermediate-sized canopy gaps (gaps resulting from
harvesting one to several canopy trees) (Beckage et al. 2000). Selection cutting was first
applied in Québec on an experimental basis in the early 1980°s (Majcen 1994; Bédard,
2001). Selection cutting allows for a continuous forest cover when viewed from a

distance, is more aesthetically pleasing and thus was quite popular in the study area



(Eastern Townships). In Québec, the maximum allowable harvesting intensity for
selection cutting is 35% of the basal area.

Selection cutting, because it involves harvesting individual stems throughout a
stand, requires the installation of forest roads and skid trails. The amount and type of soil
disturbance resulting from skidding operations depends on several variables, such as size
and type of logging machines, season of harvest, soil type and experience of the loggers
(Martin, 1998; Gullison and Hardner, 1993). Haul roads are constructed with heavy
equipment and connect the main roads to the skid trails. They are primarily travelled by
semi-trailers. Skid trails are travelled by forwarders and skidders (equipment used for
harvesting) and are used to move logs from the point of felling and bucking to log
landings. Few improvements are made to skid trails apart from the clearing of a few trees
(Buckley ef al., 2003). In a northern hardwood forest, Buckley et al. (2003), found that
skid trails comprised up to 22% of the areas sampled. They also noted however, that
canopy cover was not significantly different on skid trails than in areas with no soil
disturbance (i.e. skid trails are quite narrow relative to the crown diameters of the residual
trees above), but soil compaction and exposed mineral soil was significantly greater in
skid trails. This would mean that while harvesting increases the presence of favourable
seedbeds, there is not significantly more light available in the understory and the soil
becomes somewhat compacted. This leads to the question: what species would be
favoured under these conditions? Intolerant small-seeded species or tolerant, larger-
seeded species?

Single tree selection cutting and diameter-limit harvesting are used to regenerate

very shade-tolerant species such as sugar maple (Crow and Metzger, 1987; Smith and
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Miller, 1987; Schuler and Gillespie, 2000; Nyland, 1996). In a study spanning fifty
years, Schuler (2004) noted that single tree selection cutting and reference stands resulted
in a notably decreased diversity, with a significantly different pattern than was initially
present. This is further supported by Beckage et al. (2000) who found that intermediate
sized canopy gaps were not able to maintain species diversity in second-growth forests.

Emphasizing the importance of shade tolerance, Beaudet and Messier (2002)
determined that after 15 years the difference in both canopy openness and pattern of light
transmission between partial cut blocks and uncut blocks was minimal. The seven
species of interest in this study range from moderately tolerant (black cherry, yellow
birch, red maple, white ash) to extremely tolerant (sugar maple, beech, striped maple)
(Baker 1949). We would expect that the more shade tolerant species would be more
prevalent following partial harvesting. Bédard (2001) noted that sugar maple benefited in
all blocks from selection harvesting. Buckley et al. (2003) noted that yellow birch
seedlings were abundant in haul roads (where we can presume there was exposed mineral
soil, and these tiny germinants would benefit accordingly: Godman and Krefting, 1960;
Bormann et al 1970; Forcier, 1975). They also noted that 4 to 6 years following a cut, the
density of trees in haul roads decreased; they speculated this was due to competition with
dense herbs and/or compacted soil.
Modelling

The need for sustainable forest management is imminent given the increasing
demands for consumptive and non-consumptive forest uses. Sustainability was a simple
issue so long as we sought monocultures of planted, tended stems grown for short

rotations: i.e. the agricultural model of classical forestry (Coates ef al., 2003). But given
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the increasing emphasis on polyculture and multiple use—and given that partial cutting,
the great exception within forestry, always aimed to maintain diversity among (at least)
the shade tolerant fraction of the forest—we need to understand the complex changes that
our interventions cause in the subsequent dynamics. Given the rarity of long-term studies
on vegetation dynamics, simulation modelling is a useful means of inferring forest
dynamics (Busing and Mailly, 2004). Several models are available that attempt to predict
forest dynamics.

Models, very broadly defined, have been available since the start of the last
century. Early models of dynamics, such as that proposed by Clements (1916) with the
climax theory, were merely verbal. More quantitative ideas appeared in the 1960s and
1970s, with those of Forcier (1975) and Horn (1975) using matrices. These were
superseded by FORET-type spatial models (Shugart and West, 1977; Ek and Monserud,
1974) that pictured a single space called a “gap” in which dynamics took place. These
dynamics were dependent on the matrix in which the space was embedded for some
processes (e.g. if there were many sugar maple around the gap, then there would be a
greater amount of sugar maple seeds deposited into the gap) but not for others. In any
case, there were no spatially-explicit connections (processes) between individual trees
and that space of interest. Once personal computers became available in the early 1980s,
spatially realistic stand dynamic simulations began to supplant these earlier approaches.
The purpose of these models is to extrapolate from measurable fine-scale and short-term
interactions among individual trees to large-scale and long-term dynamics of forest

communities (Pacala ef al. 1996). The newer models combine at least 3 subroutines, as
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does the SORTIE model, which contains 4 (Pacala et al. 1996). The focus of this paper is
the recruitment subroutine. The other subroutines are light, growth, and mortality.

Regeneration is certainly one of the essential processes that maintain the stability
and species coexistence in mixed forests (Fox, 1977; Runkle, 1981; Nakashizuka, 2001).
Inverse modelling represents a “powerful” method of estimating fecundity and dispersal
(Ribbens et al., 1994; Clark et al., 1998). Inverse modelling is used when observations
are noisy, incomplete and irregular and parameters cannot be measured directly. It
performs parameter estimations using a maximum likelihood (method of least squares)
analysis and requires assumptions to be made in order to predict how a system behaves.
It applies Bayesian theory to determine the best-fit parameters. SORTIE’s recruitment
subroutine uses an equation in combination with Cartesian co-ordinates, sizes of source
plants and the coordinates of progeny to estimate the parameters within the dispersal term
(Greene and Calogeropoulos, 2002). The three main processes wedded in a single
function govern seed production, dispersal, and survivorship.

Perhaps the best way to produce better models and gain a more in-depth
understanding of forest dynamics, is to make careful comparisons of the assumptions and
predictions of existing models with empirical data (Robinson and Ek, 2000; Busing and

Mailly, 2004). This thesis is intended to make a contribution to that evaluation.
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EVALUATING SORTIE’S RECRUITMENT SUBROUTINE
INTRODUCTION

Understanding recruitment in any given forest type is crucial to achieving
sustainable forest management (Lepage et al., 2000). To do this we need to comprehend
how many seedling recruits are produced by an adult (i.e. its fecundity) and how these
recruits are dispersed away from the maternal parent. The challenge lies in the fact that
different species use varying reproductive strategies which are subsequently affected by
their environment. There are great differences in seed production, seed dispersal, and
juvenile survivorship among species. Survivorship is mostly dependent on substrates and
granivory. Past research has tended to narrowly focus on one of the functional
relationships affecting tree recruitment independently of the others (e.g. Greene and
Johnson, 1994 for seed production; Greene and Johnson, 1996 for seed dispersal; Greene
and Johnson, 1998 for survivorship; Wright et al., 1998; Beaudet et al., 2002 for light
transmission; Erickson and Ehrlen, 1992; Coates et al., 1997 for seedbeds; Kobe et al.,
1995 for shade tolerance). Starting with Ribbens et al. (1994), there have been a few
recent attempts to meld these functions into a single, spatially realistic recruitment model
that is based on minimal field measurements and inverse modelling (Clark et al., 1998;
Greene et al., 2004).

Seeds represent a common way that trees reproduce (Harper, 1997) and thus size
and quantity of seeds produced will have a profound effect on the fitness of a species.
Quantifying seed production has been difficult because plant species differ in the
proportion of the net annual assimilated income devoted to reproductive effort (Struik,

1965; Ogden, 1968) and this may also vary intraspecifically from year to year: e.g.
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masting. Further, individuals within a species differ in seed production. On an
individual level, Greene and Johnson (1994) argued that the number of seeds produced
was an inverse function of seed size and a positive function of tree size, specifically basal
area. However, this can only be assumed to be true for canopy species as lower light
intensities may result in reduced seed production (Greene et al. 2002). The largest
individuals (those we would predict to produce the most seeds) are in the canopy and
receive the most light. In this study I will, however, assume that the same tree size-
production relationship holds for both the canopy and subcanopy, given that selection
harvesting has taken place in all sites and has consequently opened up the canopy slightly
allowing for more light transmission than would be present in an intact forest.

A trade-off occurs in seed production in trees. Harper (1970) noted that seed
number versus seed size are necessary trade-offs (although a completely reciprocal
relationship cannot be expected) and yet he could not determine (Harper, 1977) an
obvious trade-off. Shipley and Dion (1992) demonstrated the inverse relationship for
herbs, and this was followed by Greene and Johnson (1994) who showed that larger-
seeded species produced fewer seeds than small-seeded species. Both Greene and
Johnson (1994) and Ribbens e? al. (1994) argued that seed production should be
proportional to the square of tree diameter i.e. to basal area.

Although vegetative reproduction permits fast initial growth and thus increases
chances of survival into adulthood, this form of reproduction is not conducive to the rapid
spread of trees (Harper et al, 1970). Trees use their seeds in order to invade new sites as
well as to fill canopy gaps in their immediate locale. The size of the seed in wind

dispersed species will have a deciding effect on how far they can go and affect the shape
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of the dispersal curve. Species producing small seeds should have greater vagility than
their larger-seeded counterparts, at least when wind is the vector (Greene and Johnson,
1993; Greene and Calogeropoulos, 2002; Venable and Brown, 1988). However, their
successful establishment will likely be more affected by environmental factors such as
microsite constraints (DeLong et al., 1997; Greene and Johnson, 1998).

Seed dispersal patterns are a critical component of spatial variation in plant
seedling recruitment (Ribbens et al., 1994). The shape of the dispersal curve has been the
subject of much debate in recent years and is hard to observe empirically given the
overlapping curves of adjacent conspecific seed sources within forests. Isolated point
source (single tree) studies in a clearing will not accurately mimic dispersal dynamics in a
forest (Clark et al., 1999). To predict recruitment, Ribbens et al. (1994) used the two-
parameter Weibull dispersal curve; Clark et al. (1998) used a modified t-distribution,
which they called a 2Dt, and Greene et al. (2004) preferred the lognormal. As Greene et
al. (2004) indicate for point sources, the Weibull forces too many recruits to be located in
very close proximity to the parent and creates a fore-shortened tail and is thus unrealistic.
Clark et al. (1998) suggested that, although it tends to place too many recruits too far
from the parent tree, the 2Dt was a better alternative to represent both the near and far
end of the curve. As Greene et al. (2004) pointed out, the 2Dt provides unlikely results
(excessively high mean dispersal distances are commonly calculated). In this study, I
used the lognormal and the Weibull dispersal functions. The latter was included in order
to allow for comparisons with dispersal parameters published in Ribbens et al. (1994) for

the species common between the two studies.
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The ability of a viable seed to successfully germinate and survive the first few
months is contingent upon temperature, moisture, substrate porosity and avoiding
predation. Aside from the latter factor, this list can be subsumed as characteristics of the
seedbed. Smaller seeds have more exacting seedbed requirements than larger seeds
because small seeds necessarily create small radicals and are incapable of penetrating
deeper substrates such as leaf litter. Likewise, small seeds produce short hypocotyls that
cannot push a thick layer of fallen leaves aside. The best seedbeds available to small-
seeded species are exposed mineral soil, exposed humus, elevated rotted wood (because it
sheds leaves) and, in lowlands, Sphagnum mosses (Lees, 1963; Groot and Adams, 1994;
Greene and Johnson, 1998; Greene et al., 1999). Further support is offered by
Calogeropoulos et al. (2004), who noted in two small-seeded species that disturbed soil
surfaces such as mineral soil or humus improved juvenile survivorship by more than an
order of magnitude over that of intact litter seedbeds.

Seed predation may substantially reduce the effective reproductive output of a
plant (Harper et al., 1970; Silvertown, 1980; Greene and Johnson, 1998). In the southern
boreal forest of Québec where plots were caged to exclude rodents or left open to allow
granivory, Simard (1999) found that the granivory rate was 0.80. Greene & Johnson
(1998) in their review of the literature found an average of 0.58. These large rates of
seed predation offer further support for studying seedlings rather than seeds when
attempting to predict forest dynamics in areas other than those that have been ravaged by
fire where the granivores would have been temporarily removed.

Given that recruitment is a crucial stage in forest regeneration following logging

(LePage et al., 2000) and thus the renewal of a valuable resource, ecologists as well as
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foresters have developed an interest in the use of stand dynamics models to predict forest
dynamics in order to regulate harvests to insure no detrimental effect on the land. A
parameter estimator uses inverse modelling to estimate parameter values for a subroutine
(presently the recruitment subroutine of SORTIE) based on field measurements. Inverse
modelling involves comparing seedling densities in Cartesian space with the spatial
coordinates and sizes of potential source trees to arrive at best fit parameter estimates.
SORTIE is a spatially explicit mechanistic model that predicts forest dynamics at the
stand level, where each individual tree plays a role in relation to its size and location. It
was initially conceived to predict natural stand dynamics, but has recently been modified
to allow the user to predict the effects of different harvest types and intensities. It is
composed of 4 subroutines: Light, Growth, Mortality and Reproduction. This research
project uses the reproduction subroutine of SORTIE initially developed by Ribbens et al.
(1994) and subsequently modified to include seedbed effects by Lepage et al. (2000).

The equation used in the recruitment subroutine is:

(1) Fey) = STR(DBH/30)*(x)Epifiy)

where F(y,y) is the recruit density in a given quadrat (#/m?); STR (standardized total
recruits) is the potential number of seedlings produced by a parent tree with a diameter at
breast height (DBH) of 30 cm; o modifies STR as a power function of the actual DBH
observed, in other words, it translates tree size into recruit production (This first part of
the equation implicitly includes seed production and the averaged loss to granivory); Ax)

is the dispersal term; p; is the proportional cover of the i substrate e; and, fixy) is the
p prop (x,y)
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favourability of the i™ substrate. The search radius applied (i.e. how far we searched for
parent trees) was set at 200 m throughout the simulations. In order to determine the value
of the parameters to be used, one can either estimate values from what is known and
published or values can be calculated based on field measurements. Here, I will estimate
parameter values using field data and a parameter estimator.

Where LePage et al. (2001) compared values obtained for SORTIE for forests
that were exposed to different harvest treatments, I have used the parameter estimator to
provide values for selection cuts only. In selection cut or partial cut treatments, between
25 and 35% of the basal area is removed by removing either single stems or small groups.
An area is designated for the cut and marking is either done ahead of time or the machine
operator selects stems as the cut proceeds. The skidder-forwarder enters the area and
creates skid paths which are the narrow trails the machines will follow in an attempt to
minimize damage to the remaining stems. From these skid paths, machines will reach up
to 50 meters into the forest and harvest selected stems. Selection cutting is currently the

most popular harvesting technique applied in southeastern Québec.
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OBJECTIVES
Verifying the validity of previous research and theoretical predictions will improve the

quality of work done in any given field. The objectives of this study are as follows:

(1) To determine the most accurate parameter values to be used in equation (1) for each

of the seven species of interest and, therefore, predict patterns of recruitment in areas

where selection harvesting has taken place in southeastern Québec;

(2) To determine which dispersal function (Weibull or lognormal) results in the highest

likelihood values and to compare the results with those published by Greene et al. (2004)

and those of Ribbens et al. (1994);

(3) To examine the amount of variation among sites for a single parameter for a given

species and to determine how much variation exists among species; and

(4) To determine the relationship between seed mass and seedbed favourability.
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METHODS

Study Area

The study sites are located in southeastern Québec within 100km of the city of
Sherbrooke (Fig. 1). They are located in the Sugar Maple — Basswood zone, in the
ecological sub-region 2cT and landscape unit #8 of Robitaille and Saucier (1998).
Located around 45°26°N, 071°41°W, the mean annual temperature in the area is 4.5 °C,
mean annual precipitation is 1111 mm (of which approximately 25-30% falls as snow)
with a relative humidity of 73.9% (The Weather Network — these data covers a 30 year
sampling period from 1961-1990). The sites consist of mesic, sugar maple-dominated
northeastern deciduous forest that have recently been partially harvested using single and
multiple-tree selection cutting, have a drainage rating between 2 and 3 (in Québec sites
are ranked between 0 and 6 where 0 is the driest and 6 the wettest), and contain at least
five of the seven species of interest. These stands are generally on the order of 70-110
years old according to Domtar inventories (Domtar is a pulp and paper company that
owns a lot of land in southeastern Québec). Presumably, they represent second growth
forests following the spate of harvesting of the old growth hardwood and pine stands in
the period 1890-1940 in this area (D.F. Greene, unpublished data). The seven species of
interest in this study are striped maple (4cer pensylvanicum), red maple (4cer rubrum),
sugar maple (Acer saccharum), yellow birch (Betula alleghaniensis), beech (Fagus
grandifolia), white ash (Fraxinus americana), and black cherry (Prunus serotina). Other
species included hemlock (Tsuga canadensis), butternut (Juglans cinerea), ironwood

(Ostrya virginiana), and basswood (Tilia americana) each representing less than 1% of
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the basal area. Only sexual recruits were included in the study. Over a two year period,
four sites were sampled (StoSC2001, SutSC2001, SutSC2002, WeeGSC2001) , two in
2002 (Stoke and Sutton) and two in 2003 (Sutton and Weedon) where species
composition varied between sites with some species not being present in some areas;
sugar maple (38-69%), beech (12-25%) and yellow birch (9-22%) consistently
represented the bulk of the basal area. All sites were harvested either one or two years
before sampling. See Table 1 for a summary of site characteristics.
Field Data

Recruitment data were collected from September to early November 2002 and
June to July 2003 in 10 belt transects located in selection cuts at least 30m from a logging
road and a minimum of 100m from another transect. Each transect crossed a skid path at
approximately ninety degrees, and was composed of 50 consecutive 1m? plots (Fig. 2).
For every plot, recruits (germinants up to and including 2 year olds — 2 year olds are in
there second growing season) were aged and identified to species. No recruits older than
two years old were included in the study in order to minimize the inclusion of offspring
of harvested trees in the analyses. The proportions of various seedbed types were
recorded for each 1m” plot as a percent cover using a 1% grid as a reference. Five
categories of seedbed were used:
(1) Mineral soil / humus / moss: exposed mineral soil or organic material (humus) present
as a result of logging activity or wind throw or Polytrichum or any other moss in a
sufficiently thin layer that it would not retard germination. Leaf litter less than 3 cm was

also placed into this category.
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(2) Leaf litter: a thick (S3cm) layer of undisturbed plant material (including intact or
partly decomposed leaves). Moss Scm thick (very rare) was also placed in this category.
(3) Rotted wood: wood sufficiently decomposed that it was qualitatively judged to be a
potential germination substrate. i.e. soft enough that it broke apart easily.

(4) Fresh wood: recently felled trees or stumps often due to logging activity or windthrow
or branches with a minimum diameter of 1cm.

(5) Rocks.

All potential parent trees within 50m of each transect were mapped. Spatial coordinates
and diameter at breast height were recorded for each potential parent tree greater than
8cm in DBH (5cm DBH for striped maple). Spatial coordinates were determined using a
compass and an Impulse LaserRange Finder. In all, 15 ha, 1.5 ha per transect, were
mapped. The breakdown of transects per site is as follows: three transects were installed
in 2002 at Stoke in the 2001 selection cut block; five transects were installed at Sutton,
three in 2002 in the 2001 selection cut block and two in 2003 in the 2002 selection cut
block; and, three transects were installed in 2003 in the 2001 group selection cut block at
Weedon.

For white ash, a dioecious species, I attempted to minimize the inclusion of male
trees by using binoculars to determine whether or not seeds were present on the tree.
Parameter Estimation

Equation (1) (p.18) is the basis for the parameter estimator. The data were
subsequently analyzed using a parameter estimator program that seeks the maximum

likelihood for Equation (1). Iran the program using two different dispersal functions, the
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2-parameter Weibull and the lognormal. The corresponding dispersal terms (f{x) in
equation (1)) are as follows:

Q) fix)=e"y (Weibull)
where x is the distance from the parent tree (m); d determines the rapidity of the decline
in recruit numbers as the distance from the parent tree increases, 0 determines the shape
of the distribution, and n is a normalizer required to make f{x) sum to 1.0 when multiplied
by 2nx (one would multiply by 2nx to determine seedlings per annulus).

B3)  Ax) = [eM*/ %9290 / (2! Sk (lognormal)
where Xo 5 is the median dispersal distance, and ¢ determines the shape of the distribution.
See Figure 2 for a depiction of the two dispersal curves.

Using the Weibull function, the program was run four ways: all parameters were
allowed to vary; o was set at 2 (as recommended by Greene and Johnson, 1994 and
Ribbens et al, 1994) and 6 was allowed to vary; o was set at 2 and 0 set at 2; or, o set at
2 and O set at 3. The lognormal was run two ways, allowing the o and X5 to vary and a
to either vary or be set equal to 2. Note that for all simulations the favourabilities of
seedbeds 1 through 3 were permitted to vary between zero and one, while the
favourabilities of seedbeds 4 and 5 were set to zero. Parameters were obtained for each
site by pooling the transects at one site (two transects at WeeGSCO01 and SutSC02 and
three transects at SutSC01 and StoSCO01).

Statistical Analysis

Given the parameter estimates, the correlation between the predicted and

observed recruit density was used to judge the significance of the model. The Weibull

and the lognormal functions were compared using the log-likelihood values. A log-
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likelihood value is significantly different from another if the difference between them is
greater than the critical % value for one degree of freedom (3.84). The accuracy of the
predictions was tested through regression analysis (i.e. is the slope of the regression for
observed versus predicted significantly different from 1.0?). The amount of variation
among species for a single parameter was tested (ANOVA) for the instances where all
parameters were permitted to vary. The relationship between seed mass and favourability
was determined using regression. The values of the seedbed favourabilities generated by
the program for both mineral soil/humus/thin moss and rotted wood were divided by the
values generated for leaf litter to create ratios. This allowed me to compare the fi.y) of
sites and species which cannot otherwise be compared directly due the variation in the
proportions of seedbeds present. Seedbed favourability values with 5% confidence limits
that varied between zero and one (recall that these values are the upper and lower limits

for this parameter) were excluded from analysis.

RESULTS
Given the number of species and sites for which there was sufficient data to allow
for the estimation of parameter values, I obtained results for 19 sets of species and sites.
These maximum likelihood estimates of parameters are presented in Table 2 (a through
e).
A priori determination of « and 0 values

All correlations between observed and predicted (r°) proved to be significant
(p<0.05) when o was allowed to vary with either dispersal function (Table 3). (Recall

that a is the parameter that translates tree size — diameter — into recruit number.) With o
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fixed at 2.0, there were three insignificant correlations for the Weibull and one for the
lognormal. When I imitated Ribbens ez al. (1994) and not only fixed o at two but also
the shape parameter, 6, at 3, the number of insignificant correlations was three for the
Weibull.
Setting o to two had a dramatic effect on 0 in only five instances. When other
parameters were allowed to vary and o was set to two, § was significantly different from
three (the value recommended by Ribbens et al. (1994)) seventeen times and only similar
twice based on 95% confidence intervals (Appendix I). Setting o to two resulted in
higher values of d than allowing it to vary for beech, black cherry, red maple, sugar
maple and yellow birch (Appendix II). Also, a. was not significantly different from 2.0
(the previously recommended value) only once for both the Weibull and the lognormal
(Appendix IV).
Comparison of the two dispersal functions

The lognormal proved to be a better model than the Weibull. When either o was
allowed to vary or was set at 2, the lognormal had a higher log-likelihood than the
Weibull in seventeen out of nineteen simulations. Of these, the lognormal was
significantly better (3 test) in twelve of nineteen when o could vary, and eleven of
nineteen with o fixed at two. Two of the simulations where the Weibull resulted in a

higher likelihood occurred for beech, once at SutSC02 and once at Weedon; at Stoke, the
Weibull was better for yellow birch and at SutSCO1 it was better for striped maple. The
Weibull was never a significantly better predictor at the individual sites, yet when all
sites were lumped together, the Weibull was significantly better both times it out-

performed the lognormal (Table 4).
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One also expects that a good model would not merely provide a high correlation,
but also a slope of 1.0 with observed regressed on predicted. With all parameters
permitted to vary, the lognormal produced only two correlations between observed and
predicted that had a slope significantly different from one (t-test; p<0.05). By contrast,
the Weibull produced five slopes significantly different from one.

In summary, the lognormal proved to be a much better predictor than the Weibull.
This was true whether the parameters were fixed or varied.

Variation in parameter values among species and sites

The shape parameter, 0, of the Weibull, varied considerably among species as
well as within species at different sites (Appendix I). For example, with o permitted to
vary, 6 varied from 0.3 to 4.88 for sugar maple (4 sites), 2.2 to 2.4 for beech (3 sites),
0.06 to 4.7 for striped maple (3 sites), and for yellow birch 1.0 to 4.8 (4 sites). In short,
there was no species effect (ANOVA; p=0.638).

The shape parameter of the lognormal, o, showed similar trends for variation
among and within species. For example, with o permitted to vary, ¢ varied from 0.21 to
0.96 for sugar maple (4 sites), 0.08 to 0.96 for beech (3 sites), 0.09 to 1.5 for striped
maple (3 sites), and for yellow birch 0.01 to 0.49 (4 sites). Given the amount of variation
within species, there was not any significant difference in o among species (ANOVA;
p=0.594). Greene et al. (2004) recommended a value of 6=1.0. For only two of nineteen
(o vary) simulations was there no siginificant difference between o and 1.0 and in the
vast majority of cases, values were lower than 1.0; and o was always significantly

different from 1.0 when o was set to 2.0 (Appendix I).
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There was variation in d (the location parameter for the Weibull) both among
species and within (Appendix II); however, there appeared to be a tendency toward
species-specific values (ANOVA; p=0.005). Black cherry tended to have the largest d
values (2 sites) and yellow birch tended to have the smallest (4 sites). There appeared to
be more variation both among species and among sites within a species for the location
parameter of the lognormal, x5 (the median distance) (Appendix II). The median
dispersal distance, when o was allowed to vary, ranged between 2.3 and 10.3 for sugar
maple (4 sites), 13.4 and 54.4 for yellow birch (4 sites), between 17.1 and 2302.6 for
striped maple (3 sites), and 5.5 and 100.9 for beech (3 sites). There was no significant
difference among species (ANOVA; p= 0.594).

Jointly, the shape and location parameters determine the mean dispersal distance
(MDD). MDD values from the Weibull simulations showed no significant species effect
(ANOVA; p=0.701). MDD values tended to be low for beech (5.8 to 9.0, 3 sites), black
cherry (11.6 to 25.5, 2 sites) and sugar maple (5.0 to 9.9, 3 sites - this excludes one site
that had an MDD of greater than 50000m), intermediate for striped maple (19.4 to 43.0, 3
sites — this excludes one site with an MDD greater than 50000m), and higher for red
maple (93.7, 1 site), white ash (104.8, site — excludes another site that had an MDD of
greater than 50000), and yellow birch (18.2 to 351.1, 4 sites) (see Appendix II). Using
the lognormal, there was a stronger species effect, but it was still insignificant (ANOVA;
p=0.192). Values tended to be low for black cherry (3.3 to 36.3, 2 sites) and sugar maple
(5.0 to 11.0, 4 sites), and higher for beech (21.4 to 102.1, 3 sites), red maple (56.0, 1 site),
striped maple (17.6 to 173.1, 3 sites), white ash (47.3 to 479.6, 2 sites), and yellow birch

(19.2 to 55.3, 4 sites) (Appendix IIT). Also to be noted is the fact that MDD values
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tended to fluctuate (both up and down) depending on which dispersal equation was
applied (Appendix III).

The o parameter was allowed to vary in simulations with both the Weibull and
the lognormal (see Appendix IV). For the Weibull, it ranged from 0.02 to 8.5 for sugar
maple (4 sites), from 0.006 to 8.1 for yellow birch (4 sites), 0.005 to 4.6 for striped maple
(3 sites) and 2.7 to 6.0 for beech (3 sites). With the lognormal it varied from 0.02 to 7.7
for sugar maple (4 sites), from 0.006 to 7.7 for yellow birch (4 sites), 0.05 to 4.6 for
striped maple (3 sites) and 2.9 to 6.0 for beech (3 sites). Both the range of values for all
species and for each individual species were very similar no matter which dispersal
function (Weibull or lognormal) was used and that there was no significant difference in
a values between species (p=0.268 for Weibull and p=0.076 for lognormal).

The STR values obtained using the Weibull (o varying) tended to vary more
among species than within (Table 9 (a)), with a stronger contrast for the lognormal
(ANOVA; p=3.23x10) than from the Weibull (ANOVA; p=0.003). Some examples of
the STR values obtained using the Weibull when o was allowed to vary for sugar maple
(4 sites) were 3.3 to 4881.6, for yellow birch (4 sites) were 1092 to 62703, for striped
maple (3 sites) 39310 to 94321, and for beech (3 sites) 22.3 to 218.2. Some examples of
STR values obtained using the lognormal were sugar maple (4 sites) 8.9 to 553.3, for
yellow birch (4 sites) 865.1 to 49520, for striped maple (3 sites) 81782 to 96043, and for
beech (3 sites) 480.6 to 2096.0 (Appendix V). Generally, the Weibull and lognormal
gave STR values within about two-fold of one another but there were some strong

exceptions (e.g. beech).
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I also compared the MDD and STR values I obtained with those of Ribbens et al.
(1994) setting a=2, 6=3 as in that paper. Using a random block design I compared the
five species that were common between two of my study sites and the Ribbens ef al.
(1994) data, namely beech, black cherry, sugar maple, white ash and yellow birch. For
MDD, there was no significant difference between sites (p=0.349) however, there was a
significant difference between species (p=0.011). For STR, there was no significant
difference between sites (p=0.309) or between species (p=0.406). In other words, when
the same approach is used, I generally supported the findings of Ribbens ef al. (1994).
Seedbeds

The seedbed coverage, averaged across all transects were leaf litter (78%),
mineral soil/humus/moss (11%), fresh wood (7%), rotten wood (2.5%) and rock (1.5%)
(Figure 4). For all ten transects leaf litter was always the most common seedbed while
rotten wood and rock were the rarest (Figure 5). The site with the most exposed mineral
soil/humus was SUTSCO2 transect 2 (Figure 5). SutSC01 was the site with the highest
proportion of favourable seedbeds.

The favorability values generated by the program (see Appendix 6) were used to
create ratios of the favourability on mineral soil/humus/moss to the favourability on leaf
litter, as well as the favourability on rotten wood to that on leaf litter. Recall from the
Methods section that we cannot directly compare calculated favourabilities from one site
to the next, even within a species because the relative availabilities of seedbeds vary
among sites. We can however compare ratios of favourabilities. Further, these
favorability ratios will be identical to the ratios of the unknown absolute species-specific

survivorships associated with the same seedbeds. Figure 6 shows the relationship
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between these two favorability ratios and seed mass (grams) on a In-In plot. When the
proportion of good seedbeds (mineral soil, rotten wood) is high, smaller-seeded species
are present and larger-seeded species don’t tend to occur. When the ratio is low (e.g.
more leaf litter) none of the smaller seeded species occur and the larger seeded species
are present. The regression of the ratio of mineral soil to leaf litter versus seed mass was,
as expected, significantly negative (p=3.99x10%, r*=0.32)). While the slope was also
negative for the regression of rotten wood/leaf litter versus seed mass, the relationship

was not significant (Figure 6; p=0.224).

DISCUSSION

A priori determination of alpha values

Not surprisingly, allowing o to vary always resulted in the highest likelihoods and
all regressions of observed versus predicted were significant for both dispersal functions;
in two cases the slope was significantly different from 1.0 for the lognormal, whereas the
Weibull had five that were significantly different from 1.0. These deviations from 1.0,
for the lognormal, occurred for striped maple at Stoke as well as white ash at SUTSCO2.
It should be noted in the case of striped maple, that the slope was also significantly
different from 1.0 when using the Weibull and thus, the problem probably lies with the
species at that site not fitting any curve particularly well. One possible explanation is the
patchy distribution of the species at that location. In the case of the dioecious white ash,
perhaps the inclusion of some male trees in the analysis had an effect.

The parameter that translates tree diameter into reproductive output, o, has

previously been set to two as suggested by Ribbens ez al. (1994) and Greene and Johnson
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(1994). While my results supported the argument for a positive relationship as discussed
by Greene and Johnson (1994), 2.0 is not some ideal value. Using the Weibull, a was not
significantly different from 2.0 only once (and once when all sites were run
simultaneously), it was significantly greater thirteen times (four times for all sites
pooled), and significantly less five times (twice for all sites pooled). When the lognormal
was run, o was not significantly different from 2.0 once (zero times for all sites pooled),
it was significantly greater thirteen times (three times for all sites run simultaneously) and
was significantly less five times (four times for all sites together). As with the other
parameter, there seems to be no useful default value I can suggest for any one or for all
species.
Comparison of the dispersal functions

My results indicating the lognormal is a better model for seedling dispersion than
the Weibull supported the findings of Greene ef al. (2004). These two studies lend strong
support to the discontinuance of the Weibull in modelling seedling dispersion. The
simulations where the Weibull significantly outperformed the lognormal occurred only
when all sites were pooled. It is not at all obvious why its relative performance would
improve with site pooling.
Variation in parameter values among species and sites

Regarding the shape parameter for the Weibull, 0, we saw that there was
tremendous variation and no species effect. The value for 0 (3.0) suggested by Ribbens et
al. (1994) and used by Lepage et al. (2000) was not supported by this research as
seventeen out of nineteen times the value determined by the simulation was significantly

different from 3.0, both when o was allowed to vary and when it was set at 2.0. When o
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was allowed to vary, 6 was actually significantly less than 3.0 twelve times and
significantly greater five times. Conversely, when o was set at 2.0, 8 was significantly
less than 3.0 seven times and greater ten times. There appears to be no consensual value I
can recommend for any single species, let alone all species. Given this pattern I expected
to see a relationship between o and 8, however no relationship was found upon testing.

Turning to the shape parameter for the lognormal, ¢, Greene et al. (2004)
suggested 1.0 as its value given studies of point sources (single trees) within forests. I
saw that when o varied, in seventeen of nineteen trials it was significantly less than 1.0;
and, was not significantly different from 1.0 twice. When o was set at 2.0, c was
significantly less than 1.0 in eighteen of nineteen and significantly greater than 1.0 once.
My results indicate, therefore, that for these species at these sites the number should
actually be lower than 1.0.

There was so much variation in the parameter estimates of the model, the location
parameter for the lognormal, x5, did not have a tendency toward species-specific values.
Setting o to two resulted in higher xo 5 values than allowing it to vary. This result is
worrisome since this is the one parameter that physical theory should allow us to predict
for the wind-dispersed species (at least) according to Greene ef al. (2004).

By contrast, the location parameter for the Weibull, d, resulted in species-specific
values. Further, in a general way, these values tended to follow one’s intuition with
larger-seeded species having bigger values and smaller-seeded species having smaller
values. For six of the seven species, allowing a. to vary produced higher d values than
setting it to two. The exception was yellow birch, where in half of the sites it followed

the same pattern as the other species, but at the other sites, the opposite relationship
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arose. It should however be noted that whatever happened to the d value, the opposite
happened to the 8 and so perhaps these differences can be attributed to two different
approaches the parameter estimator can take i.e. both a large theta and a large d will
shorten the mean dispersal distance.

For the mean dispersal distance, MDD, it is apparent that there was a stronger
species effect in the lognormal trials than in the Weibull although neither was significant.
The lack of a species effect for the Weibull was clearly a result of the program generating
parameter values that resulted in some MDDs of more than 50 km. This happened to
four different species (twice for sugar maple) and at least once at each site. At the least
this implies that there was not a problem with the data at one isolated site; it instead
indicates a problem with the dispersal function. If we exclude these extremely high
values, we see what we would expect with the larger-seeded species tending to have
smaller MDDs than their smaller-seeded counterparts. As for the lognormal results, we
see a similar trend except beech had much higher values than I would expect (assuming
only rodents and gravity dispersed the recruits I examined).

Comparing my MDD values with Ribbens et al. (1994), I found that while there
was a significant difference between species, there was no significant difference between
sites (treating the Ribbens data set as an extra site) indicating that the MDD values I
found are, in some rough sense, similar to those of Ribbens et al. (1994). Note however
that a Spearman rank correlation of the MDD values of Ribbens et al. (1994) with mine
(pooled sites) was not significant (N=5; p=0.505). Likewise, although they do not
mention this, Greene et al (2004) found different values than Ribbens et al (1994) for the

8 species they had in common. For example, they reported a MDD of 65.8 m for Tsuga
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canadensis whereas Ribbens ef al. reported an MDD of 4.48 m. In short, we have no
successful validation of the MDD values used by Pacala et al. (1996) in their stand
dynamics simulation.

I'also compared my STR values with those of Ribbens et al. (1994) and found that
neither species nor site were significantly different from one another. At first glance this
is an odd result given that we can expect different years in Connecticut and the
Townships to be characterized by different seed production schedules, granivore
densities, etc—that is, by different fecundities (the product of seed production and
survivorship). But consider that there appears to be some upper limit on fecundity
(Greene and Johnson, 1998) set by an upper limit on seed production. Further, while
seed production or survivorship can of course approach 0, in practice no investigator
would include in her or his study a species which had a year with very poor fecundity.
Thus, reported STR values that theoretically could span many orders of magnitude tend
to vary only by several fold.

Seedbeds

The seedbed distribution found across all sites was typical of what should be
present after a selection cut in a hardwood forest. (I have no data from other studies to
compare with mine.) Note that while leaf litter was the most common seedbed (as is true
for intact forests: Greene and Johnson, 1998), there was a large increase in exposed
mineral soil and humus which is normally only about 1% or less of the forest floor. This
was of course due to the presence of skid paths. The presence of these seedbeds increased
the overall density of the small-seeded species due to an increase in their survivorship on

litter-free substrates. Interestingly, I could detect no similar increase in survivorship for
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the small-seeded species on the rotted wood substrates. It may be that the canopy has
been sufficiently opened that the (elevated) rotted wood now becomes too dry during the

summer to permit good early survivorship.

CONCLUSIONS

In summary, the lognormal is a better predictor of tree seedling recruitment than
the Weibull. That being said, problems still exist with this modelling approach. The
lognormal shape parameter tended to be far lower (on average) than expected by Greene
et al (2004). The median distance (the location parameter) showed no species effect; that
is, there was about as much variation within as among species. This was the first serious
attempt at replication, and we could find no plausible default values. Why? I see two
possibilities.

First, the sites are sufficiently different in factors such as mean wind speed at the
time of the bulk of the abscission events, mean granivore density, mean wind direction,
that site differences swamp the species differences. There are two main reasons to argue
against this supposition. One reason is that the individual transects at each site (not
shown in the preceding section) show about as much variation in parameter values as do
the sites themselves. A second reason is that plausible site differences (e.g. granivore
densities; wind regime) should not be linked to differences in favorability or to o. Yet
these latter two parameters are just as variable among sites as the others.

I think a better explanation for the variation I have seen among sites is that the

inverse modelling is introducing problems. One problem was discussed by Greene et al
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(2004) where they argued that collisions of seeds with conspecific trunks can be
interpreted by the algorithm as evidence for very short distance dispersal.

But there is another problem with inverse modelling, first touched upon by
Calogeropoulos ef al. (2003). They showed that while tree diameter may well be our
single best predictor of seed production, it is nonetheless a poor predictor with an r°
usually between 0.05 and 0.4 (except when trees are being lumped into diameter
categories). As an example of the problems that can arise, picture a stand with one or two
adjacent cherries producing almost all the seeds, a lognormal distribution of dispersed
seed with a peak at (say) 15 m, and a clump of equal-sized trees at about 15 m from the
seed-producers. The program would have to assume these similar-sized trees produced
similar numbers of seeds and would interpret the dispersal curve as being rather poor
with a peak close to the base of the typical cherry tree. Now at a second transect nearby,
perhaps the two tallest trees produce 99% of the seeds. Now perhaps « is suitably
increased so that production by smaller cherries around the transect is, effectively,
ignored, and the program gets the dispersal parameters values more or less “right”. But of
course those values are far different than we found for the first transect.

In summary, it may be that inverse modelling is not a “powerful” (Clark et al.,
1999) tool for disentangling parameter values when we have overlapping seed or seedling
curves, but rather a very problematic and misleading approach. If so, the only
alternatives for recruitment subroutine parameterization would be the very tedious and
expensive approach of using molecular markers or using first principles arguments as

advocated by Greene et al. (2004).
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Figure 1: Map of the area surrounding the study sites. The three sites are
indicated by a dot with an arrow pointing to each. Inset: map
of Canada indicating location of the larger map
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Recruitment subroutine

10 transects (50 m each) — 3 Stoke CJ2001, 3 Sutton CJ2001, 2 Sutton CJ2002,
2 Weedon CJT2001

1.5 ha of forest mapped / transect

Figure 2: Diagram of transect set-up
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Table 3: Results of a regression analysis between predicted and observed seedling
recruits. * : slope is significantly different from 1.0; ** : intercept is
significantly different from 0.0; shading: regression is not significant

a): Stoke SCO1

Intercept
Stoke:

Species 3 - ERR

Weibull All vary 0.1308 *0.68 0.41 21.91 0.00
Weibull Alpha=2 0.1247 *0.60 **0.53 20.76 0.00
Weibull Aipha=2, Theta=2 0.1264 *0.62 **0.52 21.08 0.00
Weibull Aipha=2, Theta=3 0.1281 *0.63 **0.51 21.40 0.00
Lognormal All vary 0.1534 0.73 0.36 26.43 0.00
Lognormal Alpha=2 0.1494 *0.70 0.41 25.60 0.00
Species 4 - ERP

Weibul! Ali vary 0.1516 *1.69 -0.09 26.42 0.00
Weibull Alpha=2 0.0983 0.50 0.06 0.73 0.39
Weibull Alpha=2, Theta=2 0.0974 *0.03 **0.16 0.02 0.89
Weibuli Alpha=2, Theta=3 0.1011 1.35 -0.03 16.56 0.00
Lognormal All vary 0.1343 *2.15 **-0.10 45.84 0.00
Lognormal Alpha=2 0.0888 1.11 -0.01 14.35 0.00
Species 5 - ERS

Weibull All vary 0.0517 0.95 0.00 8.00 0.01
Weibull Alpha=2 0.0053 0.47 0.05 0.74 0.39
Weibull Alpha=2, Theta=2 0.0046 0.43 0.05 0.64 0.42
Weibull Alpha=2, Theta=3 0.0049 0.43 0.05 0.69 0.41
Lognormal All vary 0.0915 1.23 -0.02 14.84 0.00
Lognormal Alpha=2 0.0239 0.59 0.04 3.57 0.06
Species 7 - BOJ

Weibuli All vary 0.0685 *0.51 **0.89 10.71 0.00
Weibuli Alpha=2 0.0654 *0.49 **0.93 10.20 0.00
Weibull Alpha=2, Theta=2 0.0639 *0.48 **0.94 9.93 0.00
Weibull Alpha=2, Theta=3 0.0654 *0.48 **0.94 10.19 0.00
Lognormal All vary 0.1728 0.77 042 30.68 0.00
Lognormal Alpha=2 0.0641 *0.49 **0.93 9.97 0.00
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Table 3b): Sutton SCO1

Intercept

Species 1 - HEG

Weibull All vary 0.0266 0.65 0.03 3.98 0.05
Weibull Alpha=2 0.0317 0.84 0.02 4.78 0.03
Weibull Alpha=2, Theta=2 0.0228 0.67 0.03 3.39 0.07
Weibull Alpha=2, Theta=3 0.0259 0.69 0.03 3.87 0.05
Lognormat All vary 0.0588 0.78 0.02 9.22 0.00
Lognormal Alpha=2 0.0577 0.79 0.02 9.03 0.00
Species 2 - CET

Weibull All vary 0.1929 0.94 0.02 23.19 0.00
Weibull Alpha=2 0.1756 0.93 0.02 20.65 0.00
Weibull Alpha=2, Theta=2 0.1752 0.90 0.02 20.59 0.00
Weibull Alpha=2, Theta=3 0.1775 0.90 0.03 20.92 0.00
Lognormal All vary 0.1937 0.90 0.03 23.32 0.00
Lognormal Alpha=2 0.1848 0.89 0.03 22.00 0.00
Species 4 - ERP

Weibull All vary 0.0038 *0.13 **0.14 0.52 0.47
Weibull Alpha=2 0.0007 *0.05 **0.15 0.09 0.77
Weibull Alpha=2, Theta=2 0.0003 *0.03 **0.15 0.03 0.87
Weibull Alpha=2, Theta=3 0.0010 *0.07 **0.15 0.13 0.72
Lognormal All vary 0.0067 *0.18 **0.13 0.96 0.33
Lognormal Alpha=2 0.0000 *0.01 **0.16 0.00 0.95
Species 5 - ERS

Weibull All vary 0.1114 1.26 -0.75 18.44 0.00
Weibuli Alpha=2 0.1088 1.35 -0.97 17.97 0.00
Weibull Alpha=2, Theta=2 0.1045 1.42 -1.17 17.17 0.00
Weibull Alpha=2, Theta=3 0.1080 1.43 -1.22 17.83 0.00
Lognormal All vary 0.1639 1.30 -0.78 28.95 0.00
Lognormal Alpha=2 0.1483

Species 6 - FRA

Weibull All vary 0.0574 0.77 0.10 8.79 0.00
Weibull Alpha=2 0.0252 0.51 0.20 3.63 0.06
Weibull Alpha=2, Theta=2 0.0213 0.49 0.21 3.02 0.08
Weibult Alpha=2, Theta=3 0.0249 0.52 0.20 3.58 0.06
Lognormal All vary 0.1485 1.13 -0.05 25.66 0.00
Lognormal Alpha=2 0.0361 0.55 0.18 5.35 0.02
Species 7 - BOJ

Weibull All vary 0.2223 1.03 -0.02 42.36 0.00
Weibull Aipha=2 0.1580 0.99 0.01 27.73 0.00
Weibull Alpha=2, Theta=2 0.1429 0.92 0.07 24.64 0.00
Weibull Alpha=2, Theta=3 0.1466 0.94 0.05 25.39 0.00
Lognormal All vary 0.3280 0.81 0.17 72.46 0.00
Lognormal Alpha=2 0.2867 1.08 -0.07 59.63 0.00
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Table 3c): Sutton SCO1

o R? Slope Intercept

sutcjo2 . L o o L

Species 1 - HEG

Weibull All vary 0.4121 1.19 -0.07 39.82 0.00
Weibull Alpha=2 0.3658 1.33 -0.18 57.38 0.00
Weibull Alpha=2, Theta=2 0.3656 1.31 -0.17 57.31 0.00
Weibull Alpha=2, Theta=3 0.3639 1.33 -0.18 56.90 0.00
Lognormal All vary 0.4022 1.01 -0.02 66.90 0.00
Lognormal Alpha=2 0.3782 1.29 -0.16 60.51 0.00
Species 2 - CET

Weibull All vary 0.1044 0.89 0.02 11.55 0.00
Weibull Alpha=2 0.1139 0.90 0.02 12.75 0.00
Weibull Alpha=2, Theta=2 0.1035 0.87 0.03 11.43 0.00
Weibull Alpha=2, Theta=3 0.0795 0.83 0.04 8.53 0.00
Lognormal Ali vary 0.3694 1.09 -0.03 58.44 0.00
Lognormal Alpha=2 0.4273 1.12 -0.03 74.46 0.00
Species 5 - ERS

Weibuli All vary 0.5422 1.28 -0.10 81.33 0.00
Weibull Alpha=2 0.1202 0.82 0.05 13.44 0.00
Weibuli Alpha=2, Theta=2 0.0999 0.84 0.04 10.88 0.00
Weibuli Alpha=2, Theta=3 0.1137 0.87 0.03 12.60 0.00
Lognormal All vary 0.5591 1.19 -0.05 126.37 0.00
Lognormal Alpha=2 0.2448 1.01 0.00 32.14 0.00
Species 6 - FRA

Weibull All vary 0.3429 0.92 0.08 51.86 0.00
Weibull Alpha=2 0.2034 1.09 -0.09 25.27 0.00
Weibull Alpha=2, Theta=2 0.1779 0.99 0.00 21.38 0.00
Weibull Alpha=2, Theta=3 0.1913 1.03 -0.03 23.38 0.00
Lognormal All vary 0.3518 *0.79 0.18 53.97 0.00
Lognormal Alpha=2 0.2271 1.03 -0.03 29.11 0.00
Species 7 - BOJ

Weibull All vary 0.8112 *1.22 -2.11 429.04 0.00
Weibull Alpha=2 0.8269 *1.23 -2.15 47712 0.00
Weibull Alpha=2, Theta=2 0.8217 *1.22 -2.09 460.24 0.00
Weibull Alpha=2, Theta=3 0.8249 *1.22 -2.06 470.59 0.00
Lognormal All vary 0.8056 1.04 -0.37 413.57 0.00
Lognormal Alpha=2 0.8256 *1.13 -1.25 472.72 0.00
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Table 3d): Weedon GSCO01

RZ

Slope

_ Intercept

Weedon

Species 1 - HEG

Weibull All vary 0.2556 1.00 0.00 33.77 0.00
Weibull Alpha=2 0.1804 1.25 -0.06 21.60 0.00
Weibull Alpha=2, Theta=2 0.1739 1.18 -0.05 20.65 0.00
Weibull Alpha=2, Theta=3 0.1790 1.19 -0.05 21.40 0.00
Lognormal All vary 0.2352 1.10 -0.03 30.24 0.00
Lognormal Alpha=2 0.1281 0.77 0.07 14.37 0.00
Species 4 - ERP

Weibull All vary 0.2140 0.98 0.03 26.31 0.00
Weibull Alpha=2 0.2079 1.25 -0.49 25.40 0.00
Weibull Alpha=2, Theta=2 0.1770 1.23 -0.44 20.71 0.00
Weibull Alpha=2, Theta=3 0.1907 1.25 -0.46 22,75 0.00
Lognormal All vary 0.2500 0.77 0.45 32.37 0.00
Lognormal Alpha=2 0.2342 1.07 -0.12 29.61 0.00
Species 5 - ERS

Weibull All vary 0.1097 0.94 0.15 11.52 0.00
Weibull Alpha=2 0.0928 0.79 0.58 9.48 0.00
Weibull Alpha=2, Theta=2 0.0941 0.81 0.52 9.64 0.00
Weibull Alpha=2, Theta=3 0.1473 0.87 0.36 16.40 0.00
Lognormal All vary 0.2799 0.92 0.21 37.64 0.00
Lognormal Alpha=2 0.2006 0.96 0.11 24.07 0.00
Species 7 - BOJ

Weibull All vary 0.8498 *0.91 0.66 559.28 0.00
Weibull Alpha=2 0.7110 "1.17 -1.31 243.19 0.00
Weibull Alpha=2, Theta=2 0.6569 1.14 -1.01 189.17 0.00
Weibull Alpha=2, Theta=3 0.6830 1.16 -1.15 2123 0.00
Lognormal All vary 0.8556 0.94 0.48 585.60 0.00
Lognormal Alpha=2 0.8250 *1.19 -1.42 466.10 0.00

53




143

X X 193 0 € 0 14 0 4 0 4 0 Janeq
‘lubis #
X X A2 Z 14 0 S 0 S l € 3 J9neq # Z=eydje
14 4 43 0 € 0 € 0 € 0 4 0 J9j1eq
‘Hubis #
S 4 FA" Z € 2 14 l 9 0 14 0 Jeneq # Aaea iy
jeuLioubo] | [INqiIom | lewouBo) | ungiep | 1ewaoubo) | jinqiem | lewoubol | nnqiom | 1eaoubo) | Inqiem | rewuoubol | Inqiom
pajood says ||y iejoL uopasp Zoroins Loroms ol

"suonouny [esiadsip
[ewiou3o] pue [[NQId A Y} Sulsn J0jeWNS? 19)oureied oY) WO paure}qo sanfea pooyrayi-3oy oy Jo uosuedwo)) 4 S[qeL




LITERATURE CITED

Baker, H.G. 1974. The evolution of weeds. Annual Review of Ecological Systems 5: 1-
24.

Baker, F.S. 1949. A revised tolerance table. Journal of Forestry 47: 179-181.

Beaudet, M., C. Messier, and C.D. Canham. 2002. Predictions of understory light
conditions in northern hardwood forests following parameterization, sensitivity
analysis, and tests of the SORTIE light model. Forest Ecological Management
165: 231-244.

Beckage, B., J.S. Clark, B.D. Clinton and B.L. Haines. 2000. A long-term study of tree
seedling recruitment in Southern Appalachian forests: the effects of canopy gaps
and shrub understories. Canadian Journal of Forest Research 30: 1617-1631.

Bormann, F.H., T.G. Siccama, G.E. Likens and R.H. Whittaker. 1970. The Hubbard
Brook ecosystem study: composition and dynamics of the tree stratum.
Ecological Monographs 40: 373-388.

Buckley, D.S., T.R. Crow, E.A. Nauertz and K.E. Schulz. 2003. Influence of skid trails
and haul roads on understory plant richness and composition in managed forest
landscapes in Upper Michigan,USA. Forest Ecology and Management 175: 509—
520.

Burns, R.M. and B.H. Honkala. 1990. Silvics of North America. Two volumes.
Washington DC: U.S.D.A. Forest Service Agriculture Handbook 654.

Busing, R.T. and D. Mailly. 2004. Review: Advances in spatial, individual-based
modeling of forest dynamics. Journal of Vegetation Science 15:831-842.

Calogeropoulos, C., D.F. Greene, C. Messier and S. Brais. 2003. Refining tree
recruitment models. Canadian Journal of Forest Research 33: 41-46.

Calogeropoulos, C., D.F. Greene, C. Messier and S. Brais. 2004. The effect of harvest
intensity and seedbed type on germination and cumulative survivorship of white
spruce and balsam fir in northwestern Québec. Canadian Journal of Forest
Research. 34: 1467-1476

Charron, I. and D.F. Greene. 2002. Post-fire seedbeds and juvenile mortality of tree
species in the southern boreal forest. Canadian Journal of Forest Research 32(9):
1607-1615.

Clark, J.S., E. Macklin and L. Wood. 1998. Stages and spatial scales of recruitment
limitation in southern Appalachian forests. Ecological Monographs 68: 213-235.

55



Clark, J. S., M. Silman, R. Kern, E. Macklin, and J. Hille de Ris-Lambers. 1999. Seed
dispersal near and far: patterns across temperate and tropical forests. Ecology
80:1475-1494.

Clements, F. E. 1916. Plant succession: an analysis of the development of vegetation.
Carnegie Institution of Washington Publication 242, Washington, D. C., USA.

Coates, K.D., A. Banner, J.D. Steventon, P. Lepage, and P. Bartemucci. 1997. The Date
Creek Silvicultural systems study of the Interior Cedar-Hemlock forests of
northwestern British Columbia: overview and treatment summaries. B.C.
Ministry of Forests, Victoria. Land Management Handbook No. 38.

Coates, K.D., C.D. Canham, M. Beaudet, D.L. Sachs and C. Messier. 2003. Use of a
spatially explicit individual-tree model (SORTIE/BC) to explore the implication
of patchiness in structurally complex forests. Forest Ecological Management 186:
297-310.

Connell, J. H. 1971. On the role of natural enemies in preventing competitive exclusion
in some marine animals and in rain forest trees. Pages 298-312 in Advanced Study
Institute symposium on dynamics of numbers in populations, Oosterbeek. Pudoc,
Wageningen, The Netherlands.

Crow, T.R. and Metzger, F.T. 1987. Regeneration under selection cutting. In: Nyland,
R.D. (ed.) Managing northern hardwoods: Proceedings of a silvicultural
symposium; 1986 June 23-25; Syracuse, NY. Faculty of Forestry Miscellaneous
Publication No. 13 (ESF 87-002); Society of American Foresters Publication No.
87-03. Syracuse, NY: State University of New York, College of Environmental
Science and Forestry: 81-94.

Delong, H. B., V. J. Lieffers, and P. V. Blenis. 1997. Microsite effects on first-year
establishment and overwinter survival of white spruce in aspen-dominated boreal
mixedwoods. Canadian Joural of Forest Research 27: 1452-1457.

Duchesneau, R. and H. Morin. 1999. Early seedling demography in balsam fir seedling
banks. Canadian Journal of Forest Research 29: 1502-1509

Ek, A.R. and R.A. Moserud. 1974. Trials with program FOREST: Growth and
reproduction simulation for mixed species even- or uneven-aged forest stands. In:
Fries, J. (ed.) Growth models for tree and stand simulation, pp.56-73.
Department of Forest Yield Research, Note 30, Royal College of Forestry,
Stockholm, SE.

Erickson, O. and J. Ehrlen. 1992. Seed and microsite limitations of recruitment in plant
populations. Oecologia 91: 360-364.

56



Forcier, L.K. 1975. Reproductive strategies and the co-occurrence of climax tree species.
Science. 198: 808-810.

Fowells, H. A., and G. H. Schubert. 1956. Seed crops of forest trees in the pine region of
California. USDA Technical Bulletin 1150: 1-48.

Fox, J.F. 1977. Coexistence and the alternation of tree species. American Naturalist 111
69-89.

Godman, R.M., and L.W. Krefting. 1960. Factors important to yellow birch
establishment in Upper Michigan. Ecology 41: 18-28.

Goodburn, J.M. and C.G. Lorimer. 1998. Cavity trees and coarse woody debris in old-
growth and managed northern hardwood forests in Wisconsin and Michigan.
Canadian Journal of Forest Research 28: 427-438.

Greene, D.F. 2000. Sexual recruitment of trees in stripcuts in eastern Canada. Canadian
Journal of Forest Research 30: 1256-1263.

Greene, D.F. and C. Calogeropoulos. 2002. Measuring and modelling seed dispersal of
terrestrial plants. In: Bullock, J.M., Kenward, R.E. and Hails, R.S. (eds.)
Dispersal Ecology p.3-23. The 42nd Symposium of the British Ecological
Society, Blackwell Publishing, Oxford, UK..

Greene, D. F. and E. A. Johnson. 1993. Seed mass and dispersal capacity in wind-
dispersed diaspores. Oikos 67: 69-74.

Greene, D. F. and E.A. Johnson. 1994. Estimating the mean annual seed production of
trees. Ecology 75: 642-647.

Greene, D.F. and E.A. Johnson. 1997. Secondary dispersal of tree seeds on snow.
Journal of Ecology 85: 329-340.

Greene, D. F. and E.A. Johnson. 1998. Seed mass and early survivorship of tree species
in upland clearings and shelterwoods. Canadian Journal of Forest Research 28:
1307-1316.

Greene, D.F. and E.A. Johnson. 2004. Temporal variation in tree seed production.
Canadian Journal of Forest Research 34: 65-75.

Greene, D.F., C.D. Canham, K.D. Coates and P.T. Lepage. 2004. An evaluation of
alternative dispersal functions for trees. Journal of Ecology 92(5): 758-766

Greene, D. F., C. Messier, H. Asselin and M.-J. Fortin. 2002. The effect of light

availability and basal area on cone production in Abies balsamea and Picea
glauca. Canadian Journal of Botany 80: 370-377.

57



Groot, A. and M.J. Adams. 1994. Direct seeding black spruce on peatlands: fifth year
results. Forestry Chronicles 70: 585-592.

Gullison, R. E. and J. J. Hardner. 1993. The effects of road design and harvest intensity
on forest damage caused by selective logging: empirical results and a simulation

model from the Bosque Chimanes, Bolivia. Forest Ecology and Management 59:
1-14.

Harper, J. L., P. H. Lovell, and K. G. Moore. 1970. The shapes and sizes of seeds:
Annual Review of Ecology and Systematics. 1: 327-356.

Harper, J. L. 1977. The Population Biology of Plants. Academic Press, London, UK.

Hatcher, R.J. 1996. Yellow birch regeneration on scarified seedbeds under small canopy
openings. Forestry Chronicles 42: 350-358.

Hille Ris Lambers, J., J.S. Clark and M. Lavine. 2005. Implications of seed banking for
recruitment of southern Appalachian woody species. Ecology 86(1): 85-95.

Hille Ris Lambers, J. and J.S. Clark. 2003. Effects of dispersal, shrubs, and density-
dependent mortality on seed and seedling distributions in temperate forests.
Canadian Journal of Forest Research 33: 783-795.

Horn, H.S. 1975. Markovian properties of forest succession. pp.196-211 In: M.L. Cody
and J.M. Diamond (eds.) Ecology and evolution of communities. Belknap,
Cambridge, MA.

Houle, G. and S. Payette. 1990. Seed dynamics of Betula alleghaniensis in a deciduous '
forest of northeastern North America. Journal of Ecology. 78: 677-690.

Houle, G. 1994. Spatiotemporal patterns in the components of regeneration of four
sympatric tree species - Acer rubrum, A. saccharum, Betula alleghaniensis and
Fagus grandifolia. Journal of Ecology 82: 39-53.

Howe, H. F. and J. Smallwood. 1982. Ecology of seed dispersal. Annual Review of
Ecology and Systematics 13: 201-228

Janzen, D. H. 1970. Herbivores and the number of tree species in tropical forests.
American Naturalist 104:501-528.

Johnson, E.A., and G.I. Fryer. 1992. The physical characterization of seed microsites:
movement on the ground. Journal of Ecology 80: 823-836.

Johnson, W.C. and C.S. Adkisson. 1985. Dispersal of beech nuts by blue jays in
fragmented landscapes. American Midland Naturalist 113: 319-324.

58



Kobe, R.K., Pacala, S.W., Silander, J.A., Jr., and Canham, C.D. 1995. Juvenile tree
survivorship as a component of shade tolerance. Ecol. Appl. 5(2): 517-532.

Lees, J.C. 1963. Partial cutting with scarification in Alberta spruce-aspen stands.
Canadian Department of Forests, Forest Research branch, Calgary, Alberta Dep.
For. Publ. 1001.

Leishman, M.R. and M. Westoby. 1994. The role of large seed size in shaded conditions:
experimental evidence. Functional Ecology 8: 205-214.

LePage P. T., C. D. Canham, K. D. Coates and P. Bartemucci. 2000. Seed abundance
versus substrate limitation of seedling recruitment in northern temperature forests
of British Columbia. Canadian Journal of Forest Research 30: 415-427.

Majcen, Z. 1994. Historique des coupes de jardinage dans les foréts inéquiennes au
Québec. Revue Forestiére Frangaise 46(4): 375-384.

Marquis, D.A. 1975. Seed germination and storage under northern hardwood forests.
Canadian Journal of Forest Research 5: 478-484.

Martin, C.W. 1988. Soil disturbance by logging in New England—review and
management recommendations. Northern Journal of Applied Forestry 5: 30-34.

Matlack, G.R. and R.E. Good. 1990. Spatial heterogeneity in the soil seed bank of a
mature coastal plain forest. Bulletin of the Torrey Botanical Club. 117(2): 143-
152.

McGee, G.G., D.J. Leopold and R.D. Nyland. 1999. Structural characteristics of old-
growth, maturing, and partially cut northern hardwood forests. Ecological
Applications 9 (4): 1316-1329.

Mladenoff, D.J. 1990. The relationship of the soil seed bank and understory vegetation in
old-growth northern hardwood-hemlock treefall gaps. Canadian Journal of
Botany 68: 2714-2721.

Nakashizuka, T. 2001. Species coexistence in temperate, mixed deciduous forests.
Trends in Ecology and Evolution 16: 205-210.

Narukawa, Y. and S. Yamamoto. 2003. Development of conifer seedling roots on soil
and fallen logs in boreal and subalpine coniferous forests in Japan. Forest and

Ecological Management 175: 131-139.

Nyland, R.D. 1996. Silviculture concepts and applications. McGraw Hill Companies
Inc. New York, N.Y.

59



Ogden, J. 1968. Studies on reproductive strategy with particular reference to selected
composites. PhD Thesis. Univ. Wales.

Pacala, S.W., C.D. Canham, J. Saponara, J.A. Silander, Jr., R.K. Kobe, and E. Ribbens.
1996. Forest models defined by field measurements: Estimation, error analysis
and dynamics. Ecological Monographs 66(1): 1-43.

Packer, A. and K. Clay. 2000. Soil pathogens and temperate tree seedling mortality: a
mechanism for the Janzen-Connell hypothesis. Nature 404: 278-281.

Ribbens, E., J. A. Silander, and S. W. Pacala. 1994. Seedling recruitment in forests:

calibrating models to predict patterns of tree seedling dispersion. Ecology 75:
1794-1806.

Robinson, A.P. and A R. Ek. 2000. The consequences of hierarchy for modeling in forest
ecosystems. Canadian Journal of Forest Research 30: 837-1846.

Runkle, J. 1981. Gap regeneration in some old-growth forests of the eastern United
States. Ecology 62: 1041-1051.

Schiffman, P.M. and W. Carter-Johnson. 1992. Sparse buried seed bank in a Southern
Appalachian oak forest: implications for succession. American Midland
Naturalist 127: 258-267.

Schuler, Thomas M. 2004. Fifty years of partial harvesting in a mixed mesophytic forest:
composition and productivity. Canadian Journal of Forest Research 34: 985-997.

Schuler, T.M. and A.R. Gillespie. 2000. Temporal patterns of woody species diversity in
a central Appalachian forest from 1856 to 1997. Journal of the Torrey Botanical
Society 127: 149-161.

Shugart, H.H. and D.C. West. 1977. Development of an Appalachian deciduous forest
succession model and its application to assessment of the impact of the chestnut
blight. Journal of Environmental Management 5: 161-179.

Seymour R.S. and M.L. Hunter, Jr. 1999. Principles of Ecological Forestry. In: Hunter,
M.L. Jr. (Ed.) Maintaining biodiversity in forest ecosystems. Cambridge
University Press, Cambridge, UK pp.22-61.

Shipley, B. and J. Dion. 1992. The allometry of seed production in herbaceous
angiosperms. The American Naturalist 139: 467-483.

Silvertown, J. W. 1980. The evolutionary ecology of mast seeding in trees. Biological
Journal of the Linnean Society 14: 235-250.

60



Simard, M-J. 1999. L’établissement initial de régénération résineuse en sous-bois dans le
sud-ouest de la forét boréale québecoise et I’influence du substrate forestiére.
These de doctorat. Département des sciences biologiques. Université du Québec
a Montréal.

Smith, H.C. and G.W. Miller. 1987. Managing Appalachian hardwood stands using four
regeneration practices--34-year results. Northern Journal of Applied Forestry 4:
180-185.

Sork, V.L. 1984. Examination of seed dispersal and survival in red oak, Quercus rubra
(Fagaceae), using metal tagged acorns. Ecology 65: 1020-1022.

Spies, T.A., J.F. Franklin and T.B. Thomas. 1988. Coarse woody debris in Douglas fir
forests of western Oregon and Washington. Ecology 69: 1689-1702.

Struik, G.J. 1965. Growth patterns of some native annual and perennial herbs in
southern Wisconsin. Ecology 46: 401-420

Tyrrell, L.E. and T.R. Crow. 1994. Dynamics of dead wood in old-growth hemlock-
hardwood forests of northern Wisconsin and northern Michigan. Canadian
Journal of Forest Research 24: 1672-1683.

Venable, D.L. and J.S. Brown. 1988. The selective interactions of dispersal, dormancy,
and seed size as adaptations for reducing risk in variable environments. American
Naturalist 131: 360-384.

Wright, E.F., K.D. Coates and P. Bartemucci. 1998. Regeneration from seed of six tree
species in the interior cedar-hemlock forests of British Columbia as affected by
substrate and canopy gap position. Canadian Journal of Forest Research 28:
1352-1364.

Wright, S.J. 2002. "Density dependence among tropical trees: Case studies from Barro
Colorado Island, Panama". Tropical ecosystems: Structure, diversity and human
welfare, K.N. Ganeshaiah;R. Uma Shaanker; K.S. Bawa: 239-242.

Yorks, T.E., D.J. Leopold and D.J. Raynal. 2000. Vascular plant propagule banks of six

eastern hemlock stands in the Catskill Mountains of New York. Bulletin of the
Torrey BotanicalSociety 127: 87-93.

61



a9

0°1 wouy Juasayip ApueouiBis you

62500 8000 6570°0 L¥6E0 1¥08°0 [4: 4] 29200 6v10°0 06100 19640 92020 SLvl'0
08050 8i9%'0 198Y"0 L9820 1062'0 81280 €620 89400 0660°0 99100 L1400 £EL0'0 66010 £060°0 80010 Asea eydly
yaaig MojieA
X X x LL¥0°0 €920°0 6¥€0°0 G820 velro SEST°0 X x x Z=eydiy
X x x G8eL'0 16290 8€89°0 8290 LLIT0 0£9¢°0 X X X 212€°0 9602°0 ¥SST0 Aiea eydly
4sy elUM
81060 L¥8L0 92000 01000 9100°0 €910 €0LL0 Sovio 19800 26000 96000 ¢ = eydiy
Wweo'L $688°0 YOreo 82910 Y9ET'0 €6¥20 (473 %] 090Z°0 L¥05°0 (A4 XV 1152°0 0Ly9°0 1€96°0 16650 Kiea eydiy
o|dey sebng
989Z°0 96¥1°0 S€02°0 X x x 685571 Sevlo SE£86°0 1G.6'0 SO0 2919°0 Z=eudy
108L°0 +¥860°0 98210 X X X 629€C €08L°L 62eS°L 1€91°0 14980°0 T860°0 18290 G0 91150 Area eydry
ejdel peding
X x x x x x X X x €€61°0 49800 9210 Z = eydiy
X X X x X X X X X 8¥0Z'0 18600 Yo 1¥02°0 99010 SYSL0 Aea eydiy
e|de pou
X x x 0628°C €98y % 4 4 8€9€°0 66¥1°0 cleo x x x 2 =eydiy
X X X 8L6v'C €912 71244 S66€°0 GE6L°0 0820 X X X [43:124 ociLe 86€8°T Kren eydiy
Kueyd xoelg
1280°0 02e0'0 15%0°0 09t9'0 08G€°0 800S°0 1€91°0 ¥690°0 9£0L°0 X X x Z = eydly
SSZ10 68¥0°0 78L0°0 6180'L 59980 p168°0: 10510 1090°0 16800 x X x 2€8.°0 21290 1£69°0 Area eydiy
yooeg
Jeddn JOMO] UOpoeM soddn Jomo| Z0roins Jaddn oMoy LOroINg 18ddn oMoy DTS Jeddn Jomo) nw
jeuuouBo| Bujsn paujejqo sj| 82UBPYUOD PIM SonjeA © (q
£€220'G 226’y vi66'Vv 2L’ 9esy'S ¥€65°S 1200 2€18¢C yi8Z: €8$5°0 0 $200°0 ¢ = eydly
99961 S806'1 S.1E6°}L 1166'0 0856’0 $L16°0 S0eS'e €092'€ s8.c'¢ LSG6'F £Pesy 9.8LY 66¥6'0 24260 $9€6°0 Aiea eydly
yang mojies
X x x 88¥8°S 2022'S [4: 1 4 8628°Y v082v 085y X X X ¢ =eydiy
X X x 8ivEL 0 Lzieo 2062°1L 8¥8L’L 0¥’} X X x ¥OVe'S 6£60°S (41124 Kea eydly
YSY lUM
9022’1 0 15110 1514 2] 2060y vioL'y 2.56'9 vi62'9 91699 £€000°S 826.°C ¢ = eydiv
§869°0 0 100€°0 8ye8y 6208'¢ 9S¥0'y 1900°¢ 86E9'Y orss’y 8€26'V 9068 €P6L'8 28018 86.5°8 Aiea eydiy
adeyy sebng
9£20'9 2Ci9s 99.8°S X x x 229v'e 68L.1'E lsvee 0626'} 20,0 T 8559°4 ¢ = eydly
6220°G LIEY'Y £Y69°Y x x X 98110 0 1090°0 81191 000L°L L4400 126’1 32443 SYsT'lL Aea eydiy
oidei podiis
x x x x X x x x x 969%°1 8¥0b'L sovy'L Z = eydiy
X X X x x X x X X 680G°L 6VEY’L €6L¥°L c68Y'L €607 L [T45.4(3 Ksea eydly
ejde pey
x x x vELg'L [44:1 40 1969°L S660°C 69691 viLe'h x x X Z=eydy
X X x oveL') 186€°L 1295°) S90V'L 8680°L [44:14] x X x €061°L [471vn4 9EEL’L Ksea eydiy
Kueyd yoeig
1061 A vsiL'e 84122 ovig’L 10402 9g86¢e'G 8866 X X X Z = eydiy
S0¥9°C levoe 968¢°C 084e'e 18€8°L 29¢TT yeTe Lo¥'e X X x 61922 0166'L 414 X4 Aea eydly
yoeeg
seddn Jamoj uocpeam 1eddn Jomoy Z0rOINg Joddn Jamo) Loromns Jaddn Jomoj T Joddn JOMO} nw
linqrepm Buysn peuejqo sy PYUOD M senjeA g (e

;I xipuaddy



£9

110v'SC G888'6} 222129 198105 Z=¢euydiy
6.Zv'eL 09048} POV 5 86¥5°2¢ 0/82°8¢ Aiea eydyy
Y3219 MOjjBA
X Ov6E 9% €189°6C X 2 = eqdiy
X 6V89'6.€ 6208'8¢ X 12182 Aiea eydy
Ysy 9JUM
8Z4 1829¢C ¥E61°99 61690} ZLv6 P8 Z=eydiy
€€92°2 2ee0'L SG8Z°0L 34444 8609'v Auea eydiy
ojdew sebng
X Z195°€C X €996'V11 015e'8 Z=¢eydy
180121 X 8609'20€2 1261°61 0992°22 Asea eydy

side pediig
920 X x X 8961709 ¢ =eydyy
X X X 1692 ¥S [£AZA] Aiea eydly
o|dey pey
3 86110 691G°€E X Z = eudly
X 69520 9882°2¢ X 0/€8'2 Kea eydiy
Kueyd yoeig
0651706 00E¥'8 ZLEV0L X Z = eqdiy
S0.9'18 SE6P'S 1516°004 X 6800'F Aiea eydyy
yoseg

eleliHIS uopesm Z0rons L0ring 01§ SIS IV

[l Bo| Bujsn paueiqo senjea 50y (q
00000 20000 0000°0 00000 0000°0 6¥200 €300 11159¢} 2 =eudly
0£00°0 889262 19000 186599 00000 81000 00000 £000°0 ¥¥20°0 689€"¥¥2 Kiea eydy
You1g MOJ|8L
X X 0000°0 00000 00000 20000 3 X Z = eydiy
x X £000°0 82ZL'T Zr00°0 182UV x X 00000 00000 Kiea eydiy
ysy ONYM
£0000 10622 00000 19920 00000 20000 1000°0 9I¥0'L Z = eqdiy
92000 00V6'5L 00000 L20¥°0 00000 2020°0 +000'0 8706'¢ 0000°0 00000 Area eydy
ojdey sebng
0000°0 00000 x x 0000°0 80000 $E10°0 6¥05€E} 2 =¢eydiy
0000°0 €100°0 x X 8800°0 £819'/8 1120°0 196€'412 8600°0 156186 Area eydry
ojdeyy podins
3 3 x x x X Z100°0 G0S8°LL ¢ = euydy
x X X X X X ¥100°0 £096°Cl 8000°0 12eL Asea eydyy
ejdey poy
X x 05200 9/6G'6¥2 $100°0 YIS YL 3 X Z = eydly
x x £V20°0 $S6EEPT SYZ0°0 Y428 v x x TT20°0 9880'222 Auea eydy
Kuayd oeig

70000 1055°F 0v00°0 €222 OF 0000°0 £0820 3 X Z=eudyy
$200°0 S695°CL 600°0 0222°6¥ $200°0 Y9.2'¥C x x 66000 SE0E'66 Kiea eydiy
y5eeg

0000L/P UopesMm 00001/P Zoroing 00004/P LoroIng 00001/P oIS 00004/P so)Is IV

liInqiepm Buisn peujejqo senjea q (e

‘11 x1puaddy



€¥5'SC /18°€ 1229 ¥.L'€6 Z=eydy
¥51'64 66'1L 182°6S 00428 Asea eydyy
42119 MOjjeA
X 815'9r 652€ X Z = eydiy
X 669664 82l X Asea eydyy
ysy elum
[ 6L 8'99 IS0'LL 1£0'G8 2 =eydly
S91°6 69'L #6601 S6'v Kiea eydpy
o|deyy Jebng
¥'02 S80°'GC X £65°8€1 PPoSL Z = eudiy
£9G°LL X SO'ELL 28002 Kue eydyy
oidew pedins
3 X 3 £69°19 Z = eqdly
X X X G6'SS Aiea eydly
ejdely poy
X 1£8108°1 £86'GE 3 7 = eydy
x ShLOVE'E 1€€°9¢ X Aiea eydjy
Kueyd yoelg
16706 20ECH 510901 X Z = eudly
g4 18812 1E4°208 X Kiea eydly
[E2T]
aNeiHIS uopeam Zoroing Loroms BT

1euuocuBoj Bujsn peuteiqo senjea gaw (a4

1

99< 2eTET geL'se 618'€9 9G9'ELY €= ‘Z=0
X 89622 Lezee €L¥'06 £6£9°60€ 2=0 ‘Z=0
X o725 24 ¥64'G2 90b'9S 0000G< 2=0
X lr44: 1% 6180°1GE 690'€S 616'GZ Aiea 0
Ydiig Mmojjep
9L x 18'92 £6£°€E X €=0 '¢=0
X X 1082 €61°8€ X 2=0 =P
X X 2Ye8T 880°L€ X =P
X X 00006< +08'+0L x Kiea
YsY oYM
051’8 6€l G609 G699 £86'6 ZI0'6 €=9 'Z=0
x LP18951 gzeL 16201 S1'0L =0 ‘¢=0
x 00005< 8.€'9 SLL'6 698°6 =0
X 143 00005< €l¥'e 88'6 186'% Aiea o
odeyy sebng
X 662 659°'€2 X 9/6'v01L 29y €=0 ‘¢=0
X €E9VZ X 968°€C1 SPLEL 2=9 'z=0
X 9¥'22 X 151°96 6¥8°€l =0
X 134 £6.°61 X 00005< Z6E°61 Aser o
o|dey pading
G256 JR74 X x X 90€'18 €=0 "2=0
X X X X GP6'L6 =@ '2=0
X x X X 2042k Z=0
X 6l X X X 612°€6 Kiea 0
ojdey pey
8e0'8 X 29001 69482 X €=0 ‘=0
X X L1E6 ¥6.2 X 2=0'Z=0
x x 205’6 \8v'L2 X =0
X X SE9'LL 11562 X Aiean
Kueys yoeig
19501 8eL’L €661 L EEE 3 €=0 'Z=0
X SETL 6921 9009 X 2=0 ‘z=0
X [+1 9 69¥°21 6219 X Z=0
x ze9 ¥86'8 698G X Asea o
yooeeg

suaqqiy 8ilelHIS uopsap zZoroins Loroms 8)0)s

Iinqiapm Bujsn paueyqo senjea aaw (e

‘11T x1puaddy



$9

0°Z woyj Juasayp Apueoybis Jou =

2998'¢ S0eP'e 20€9°¢ 0/89'¢ €601 [4:%3 2810’8 SEVT'L oLl 8880°0 00000 1900°0 988¢’|L Y00Z'1L 81671 Kiea eudly
4211g mo|jep
X X x 9165°04 91166 £€EE0l €506 1221’8 1926'8 X X X 9050'9 £20C°G LyS9°S Kiea eudiy
Ysy epym
960y 89EP'E 09GL'E 21208 S8L0°L 4753 0EY9't 88L6'C 965Z'Y GLESO 10000~ €120°0 6.61°€ 6/£9C vive'e Kiea eydiy
oidey sebng
Ll So6¥'v SSE9'Y X X x 08220 €000°0- 8050'0 o8’ 18eL’t ¥96¢€°} 05810 Z610°0 80040 Kiea eydly
oiden peding

X X X X x X X X X 28520 00000 ZP00°0 1882°0 00000 6510°0 Ksea eydiy
ojdew pay
X X x 9€20'9 ZVos'y L9Zr'S 96108 2896°'S £09¥'L X X x 866¢°L 00000 €6LL°0 Kiea eydy
Kuoyd xoeig
209 1PETS §286'S 91209 0S8L'E 99.6'v 851G 98l % X X x €182y 18€L°T 6266°¢ Krea eydly
ydeeq

Jeddn JoMo| UOPOIM Jaddn Jomo| Zoroms joddn 18MmO0) Loroing Joddn 19MmO) aNoIs Joddn Jdomoy Hv
jeuuoubBoy Bujsn peureyqo sjwi| pY! Yyum senjea © (q
62.6'¢ 8816°¢ 275 00Le'8 9¥06'L €018 12209 800’ T659°S 19210 00000 €900°0 8€6E'9 8029 £66Z°9 Kea eydiy
Yalig Mojjep
X X X €Ly LE €152°0b 8€80°11 €209 1181°S ¥166°S X X X TYeES'S 1299 L001°S Kiea eydry
Usy anym
9969'G 6296y V9EL'S 9lvL'6 €099'2 vrov'e CLY9'E §659'2 °08L°E L¥e9°0 10000~ 6610'0 9r8ee GG88'C S6L1°¢ Asea eydly
o|dey sebng
9.0 LIESY 0LE9Y X X x [X454Y 00000 6100°0 9156'0 92€€°0 $8.19°0 22600 0000°0 £€800°0 Kieaeydiy
ojdey podiys
X X X X X X X X X S¥.2°0 1000°0- 10100 21620 00000 9990°0 Kieaeydiy
oldey pay

X X x G298°S 691’y (144 %] 26209 2088'¢C $696'S X X X Le13°x4 1€L9°0 Kieneqdly

Auoyd xoeig
S020'9 £828'Y 6096 S0L6'S 96922 €eSIE G9S0°S 8097} £vs9C X X x eHELY L1192 9LpE'e Kieaeydly
yooeg

Jaddn Jamo| UOCPoIM saddn lomo| Z0rons Jaddn Jomol LOroINg Joddn oMoy T Jeddn 18MO]| v
linqrem Buisn peujeiqo syjwi PYUOD Yim senjeA © (e

Al xipuaddy



99

Z219'08vES 6¥.°2509% $80°6156% 20C'eseLe £98'G0.2¢ TEC'6L6VE 111°826¢€ 2L1°2%52 yseTeoe 209°6h16€ 6G2°2620€ Leriseve €=0 'Z=P
FAA N AZ4A 1 4 SLLHLLY 16L°158%V 661°G5699 062'28.85 62°69829 622°¢0L6 129°9069 9zT'TTTe LL1¥9208 G99°0€2¥2 99P'sTTLT 2=0'2=0
04866665 9r0'6981S SP9'v.L09S 2S8'ELCEY 116°€96.€ 8.1'98¢0¥ 6EY'G68T 989'2€02 98°6L¥T 112°0868¢ £ev'#990e LLO'6VIVE =0
S06'L 1985 00G'€E¥0S 20L'22S¥S 618'78GYL 688'CL1G9 $29°€0.69 L¥9'¥60C SoL'Levt STL'SLLL LT veTt 819996 £2T°T601 Aiean
yaiig mojjep
X x x $8.'8694 0260211 Lyv'Zee} 225°09.¥ £68'8.82 85T°€9.¢ X X X £=0 'Z=0
X X X 1859661 826'80¢€1 866°G29 162°6¥21 £08°'65. 116°186 X X X 2=0 ‘¢=0
X X x 106202 0L6°LLEL 888Vl 006'G.L1 261012 [-Ti4+d] X X X =0
X X X Sel'tel QLT LLY ¥¥0'Z8S 000'1S¥E 8969802 £€90°82.C X X X Aiea o
Ysy OlUM
159'vv8Y 0ELL18E 29€°90EY 086°195 Lp0'S9C 195°86¢€ 1S1°¥59 659°2€S 86€°L6S 2eL’ee 889°LL 905702 €=0 'Z=0
vie68.EL 016°96201 966121 065°2er L€8'V02 111°S0E veL 198 66919V 666°71LS (42 41 0221 60€°22 Z=6 'Z=0
609°06182 c19'92122 61£°850SZ $84'896 €01'692 zeLlor £69°26¢ A ¥4 $66'95€ LLE°8E oreel eE9°ET =0
008165 9lz'0zey 009°188p (144 110C 967°¢ 6€5°255 S04'SSY 891°60§ a1 2929 o6¥°LL Kiea o
eideyy Jebng
660°6082 £LE'818S STLL9L9 X x x 062'22e00L ££8'¥8899 011°82866 09G°21£001 €26'62£99 €6¥°€1866 €=0 ‘Z=0
€L9°€2004 00G°6€S. 819118 x X x 0Lz’ 1e000L L8989 EVSEES66 0LZ°1LE0001 P1'82989 915°09986 2=0 =0
0¥Z'206S 0se L0vy S6LPSLS X X X 96°00¥001 G68°29229 TLE6ES96 2E2°$SE001 20928049 HTYPLI86 =0
€62°264001 LLL9LLLS ¥e8 LZEre X X X 2.6'81968 vi2'Z166E 90P'€0PL9 ¥96'L 268G §1£'9662¢ £¥0'0LE6E Asea o
oyde peduis
x x x x X x x x x 0L£'v6001 660°'66¥.8 86¢°r6666 €=0 ‘Z=P
X X x x x x x X x cY9'¥2eoot £L6'71698 62¢°1££66 =0 ‘=0
X x x x x x X x x $86'08€001 £68'20£28 €68°LYIS6 =%
X X X X X x X x x ZP8'€50001 [42:3443 ¢} 290'95566 Kiean
ojdeyy pex
X X x [22 9174 99G°pL 1 €ST'9.1 99L'L¥6 voe'zey 6EL'PY9 X X X €=0 '¢=0
X x x 621895 +£6'25¢C 0£1°68¢ v12'6€6 88L LY YeL'Lv9 x X x ¢=0 ‘z=0
X X x 691'292 61E911 266°8LL 969'62¢€1 9/6°065 81¥'S68 X X X z=0
X X x 18068 2€L°6E 28029 085685 9.%'092 £69°L6E X X X Aean
Aueyy ioelg
0e5°29¢ SZoviL 8EL'65C 62L'v96 868695 SO6'PPL Sivoct 062\ 162°SL x X x €=0 ‘Z=0
S80'v9Z 34354741 LE0'¥8L 589089 €01°20¢ $29°5TS G65°86 LLO0'¥E £0£°09 X X X 2=0'Z=0
€16'651 08€'SL $89°201 Z2.£'099 ¥01°06¢€ 0v6'60S +82°06 192°1¢ vS8'vS X X x =0
Laa 0e8'yL 10€°22 £89'662 28V'ELl 9lz'8lz 8988'8S1 (278 4] 989°86 X x X Kiea o
Yyoeeqg

soddn Jamoj Uopeaop Joddn Jamo) zoroing Jeddn Jomo| LOrons Joddn Jamo) o)YoIs

lngropm eys Buisn peureiqo sywij

P

Yim senjea yLs (e

A xipuaddy



L9

1S1°8¥¥S9 2.£'91€96 $95°28809 €£€6'2v95E €61°2621€ EVSLoPEE £$5'602¢ 65€°862¢ 156°64L2 180°€SLL 060'6609 129°1689 Z = eydly
26800816 801°9v8bP TSLEI6LY 00698625 0rZ 6¥59P 891°0Z56¢ €€8°020) 020'LEL c€Li's98 1SECLLL 268048 159'686 Asea eydly
Yaiig mojjep
X X X 96p'ea6L G¥5'2821 LEV'609) 8€1'90LY Z8L°1E8C He'6pLE x x X Z = eydly
X x x 12€26L1 06¢'28L L 80v° L8V 000829 65Y'60Y S9L'LES X x X Kiea eydiy
ysy a3um
LV6'€2€2 1218281 0£2°6902 gzTess 218'85¢ 110°02s 6EL' YOV 96%2ee 66€°29¢€ 152°692 FAY A S86'v9l Z = eydiy
889619 868'98Y £62'€SS 608'24 .09 988 950262 TLLEVT 81$'99Z 60162 L1004 €zl Aien eydiy
ojdeyy sebng
Z8£'€5E6 €16'¥00L 991°8608 x x x ZrL 2001 ¥12'€960L 0ST°60266 2€L°6€000} 196°691LG 845720226 z=eudiy
9€9°S9€001 ¥66°.56€8 1L9°EY096 X X x €€5'¥91001 6S¥°28129 S89°Zr6v6 LT EBLOOL cLleeviy €9Z7°Z8L18 Asea eydly
sjdey pading
X X x x x x x X x 86€°L¥100L CEQPISHE 8LL'Y0LLE ¢ = eydy
x X x X X x X x x 297'L1IEEY 8211924y S61°9€SSS Asea eydy
ojdey poy
x X x €28'9vvi 189°¢Y9 608°.66 z19'8eeh (3R] vLL6L8 X x x 2 =eydiy
X X X 0’62 §G0'901 e 89l €09°22¢ 1414143 625°GIT X X x Asea eydiy
Kuoyg yoeig
GL9'1G61 8.Y'¥26 965°69¢€1 LSP'66Y G6€'S62 119°88¢ 99G'v.Lv8 ¥Sb'1e6e 916'62¢ES X x x Z=¢eydiy
819216 166°2¢Y L¥P°SS9 L19'509 £80'86¢ 8+9'08 601 62vE 2125021 620°960C X X X Kiea eydiy
yoeeg

soddn Jamo| UopeoM Joddn Jamoy zoroing Jjoddn Jemo) Loroing Jeddn Jomoy O

tewouBoj ay3 Bujsn peurelqo sywy

PUUOD UM SenjeA YIS (9



Appendix VI: Seedbed Favourabilities — values range between 0 and 1. A higher number
indicates a more favourable seedbed.

Beech
Stoke (T1,T2,T3) Leaf Litter Rotten Wood Mineral min/leaf  rotten/leaf
Function Parameters Conf. Limits Conf. Limits Conf. Limits
Weibull All vary X X X X X X X X X
a=2 X X X X X X X X X
a=2;0=2 X X X X X X X X X
o=2;0=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
o=2 X X X X X X X X X
Sutton (T1,72,T3)
Weibull All vary 0.19 | 0.08 | 0.35 | 0.55 | 0.00 | 1.00 0.28 0.00 [ 1.00 1.48 2.89
o=2 0.29 | 0.13 | 0.56 | 0.89 | 0.00 | 1.00 0.54 0.00 [ 1.00 1.86 3.11
a=2;0=2 0.29 { 0.13 | 0.53 | 0.89 | 0.00 | 1.00 0.43 0.00 | 1.00 1.48 3.09
a=2;0=3 0.23 | 0.10 | 0.43 | 0.79 | 0.00 | 1.00 0.38 0.00 | 1.00 1.63 3.40
Log Normal All vary 0.48 | 0.23 | 0.88 | 0.56 | 0.00 | 1.00 0.75 0.00 | 1.00 1.56 1.17
o=2 0.25 | 0.11 | 0.44 | 0.28 | 0.00 | 1.00 0.38 0.00 [ 1.00 1.54 1.11
Sutton (T4,T5
Weibull All vary 0.36 | 0.23 | 046 | 0.35 | 0.00 | 1.00 0.71 0.52 | 1.00 1.99 0.96
a=2 0.14 | 0.10 | 0.20 | 0.02 { 0.00 | 0.96 0.69 041 1 1.00 4.89 0.12
a=2;0=2 0.14 | 0.09 | 0.19 | 0.00 | 0.00 | 0.94 0.69 0.40 | 1.00 5.07 0.03
a=2;6=3 0.10 | 0.07 | 0.14 | 0.00 | 0.00 | 0.67 0.49 0.29 | 0.77 5.10 0.02
Log Normal All vary 0.15 | 0.10 | 0.20 | 0.01 | 0.00 | 0.75 0.63 0.34 | 0.96 4.27 0.04
a=2 0.20 | 0.13 | 0.27 | 0.01 | 0.00 } 1.00 0.86 0.49 | 1.00 4.39 0.05
Weedon (T1,T2)
Weibull All vary 0.59 | 0.37 | 0.84 | 0.04 | 0.00 | 1.00 0.79 0.00 { 1.00 1.35 0.06
a=2 0.28 [ 0.19 | 0.44 | 0.02 | 0.00 | 1.00 0.67 0.00 { 1.00 2.38 0.07
0=2;0=2 0.18 [ 0.11 ] 0.27 | 0.01 { 0.00 | 1.00 0.39 0.00 | 1.00 2.17 0.03
a=2;6=3 0.12 [ 0.08 | 0.18 | 0.00 | 0.00 | 0.88 0.32 0.00 | 0.90 2.58 0.01
Log Normal All vary 0.22 | 0.14 | 0.31 | 0.02 | 0.00 | 1.00 0.30 0.00 | 1.00 1.38 0.09
a=2 0.77 { 0.52 | 1.00 | 0.04 | 0.00 | 1.00 0.00 0.00 | 1.00 0.00 0.05
Black Cherry
Stoke (T1,72,T3) Leaf Litter Rotten Wood Mineral minfleaf  rotten/leaf
Function Parameters Conf. Limits Conf. Limits Conf. Limits
Weibull All vary X X X X X X X X X
a=2 X X X X X X X X X
0=2;0=2 X X X X X X X X X
0=2;0=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
a=2 X X X X X X X X X
Sutton (T1,T2,T3)
Weibull All vary 0.96 | 0.62 | 1.00 | 0.01 | 0.00 | 1.00 0.41 0.00 [ 1.00 0.43 0.01
a=2 0.69 | 044 | 1.00 | 0.00 | 0.00 | 1.00 0.35 0.00 [ 1.00 0.51 0.01
a=2;:0=2 0.98 | 061 | 1.00 | 0.01 | 0.00 | 1.00 0.44 0.00 | 1.00 0.45 0.01
0=2;0=3 0.93 | 0.59 | 1.00 | 0.00 | 0.00 | 1.00 0.43 0.00 | 1.00 0.46 0.00
Log Normal All vary 0.85 | 0.55 | 1.00 | 0.11 { 0.00 | 1.00 0.40 0.00 | 1.00 0.47 0.12
a=2 0.63 | 0.40 { 0.98 | 0.01 | 0.00 | 1.00 0.43 0.00 | 1.00 0.68 0.02
Sutton (T4,T5
Weibull All vary 0.31 | 0.18 | 047 | 0.07 | 0.00 | 1.00 0.41 0.00 { 1.00 1.32 0.21
o=2 0.35 | 0.20 | 0.55 | 0.07 | 0.00 | 1.00 0.75 0.06 | 1.00 2.17 0.20
0=2;0=2 0.17 | 010 | 0.27 | 0.12 | 0.00 | 1.00 0.30 0.01 | 0.80 1.75 0.72
a=2;6=3 0.45 | 0.27 | 0.70 | 0.01 | 0.00 | 1.00 0.55 0.00 { 1.00 1.21 0.03
Log Normal All vary 0.10 | 0.05 | 0.17 | 0.31 | 0.00 | 1.00 0.65 0.20 | 1.00 6.41 3.04
o=2 0.08 | 004 { 0.14 | 0.20 | 0.00 | 1.00 0.63 0.23 | 1.00 7.83 2.54
Weedon (T1,T2)
Weibull All vary X X X X X X X X X
a=2 X X X X X X X X X
a=2;6=2 X X X X X X X X X
o=2;6=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
a=2 X X X X X X X X X
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Red Maple

Stoke (T1,72,73) Leaf Litter Rotten Wood Mineral min/leaf  rotten/leaf
Function Parameters Conf. Limits Conf. Limits Conf. Limits
Weibull All vary 0.01 [ 0.01 | 0.02 | 0.00 | 0.00 | 0.02 0.00 0.00 | 0.01 0.29 0.07
o=2 0.03 [ 0.02 | 0.03 | 0.00 { 0.00 | 0.05 0.01 0.00 | 0.03 0.38 0.10
a=2;0=2 0.02 | 0.02 | 0.02 | 0.00 | 0.00 | 0.03 0.01 0.00 | 0.02 0.37 0.02
a=2;0=3 0.02 { 0.01 | 0.02 | 0.00 | 0.00 | 0.03 0.00 0.00 | 0.02 0.29 0.02
Log Normal All vary 0.01 | 0.01 | 0.01 | 0.00 | 0.00 | 0.02 0.00 0.00 | 0.01 0.21 0.04
a=2 0.01 | 0.01 | 0.01 | 0.00 | 0.00 | 0.02 0.00 0.00 | 0.01 0.10 0.03
Sutton (T1,72,T3)
Weibuit All vary X X X X X X X X X
a=2 X X X X X X X X X
0=2;6=2 X X X X X X X X X
a=2,0=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
a=2 X X X X X X X X X
Sutton (T4,T5
Weibull All vary X X X X X X X X X
a=2 X X X X X X X X X
a=2;0=2 X X X X X X X X X
a=2;6=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
o=2 X X X X X X X X X
Weedon (T1,T2)
Weibull All vary X X X X X X X X X
o=2 X X X X X X X X X
a=2;0=2 X X X X X X X X X
o=2;0=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
a=2 X X X X X X X X X
Striped Maple
Stoke (T1,T2,T3) Leaf Litter Rotten Wood Mineral min/leaf  rotten/leaf
Function Parameters Conf. Limits Conf. Limits Conf. Limits
Weibull All vary 0.00 { 0.00 | 0.00 | 0.00 | 0.00 | 0.02 0.00 0.00 { 0.01 0.11 0.64
a=2 0.02 | 0.01 | 0.03 | 0.01 | 0.00 | 0.44 0.00 0.00 | 0.05 0.21 0.38
a=2,6=2 0.65 { 0.34 | 1.00 | 0.98 | 0.07 | 1.00 0.90 0.27 | 1.00 1.39 1.52
a=2;0=3 0.01 ] 0.00 | 0.01 | 0.00 [ 0.00 | 0.05 0.00 0.00 [ 0.02 0.16 0.02
Log Normal All vary 0.01 | 0.00 | 0.01 | 0.01 | 0.00 | 0.06 0.00 0.00 | 0.01 0.03 1.56
o=2 0.01 | 0.00 | 0.01 | 0.00 | 0.00 ! 0.06 0.00 0.00 | 0.02 0.11 0.24
Sutton (T1,T2,T3)
Weibull All vary X X X X X X X X X
a=2 X X X X X X X X X
a=2;0=2 X X X X X X X X X
0=2;0=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
a=2 X X X X X X X X X
Sutton (T4,75
Weibull All vary X X X X X X X X X
a=2 X X X X X X X X X
a=2;0=2 X X X X X X X X X
a=2;6=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
a=2 X X X X X X X X X
Weedon (T1,T2)
Weibull All vary 0.94 | 0.78 | 1.00 | 0.91 [ 0.00 | 1.00 0.96 0.50 | 1.00 1.03 0.98
o=2 0.58 | 049 | 0.67 | 0.16 | 0.00 | 1.00 0.86 0.38 | 1.00 1.50 0.28
a=2;0=2 0.36 | 0.30 | 0.42 | 0.04 [ 0.00 | 1.00 0.57 0.27 | 0.95 1.59 0.12
a=2;0=3 0.45 | 0.38 | 0.53 | 0.06 | 0.00 | 1.00 0.69 0.32 | 1.00 1.53 0.13
Log Normal All vary 0.72 | 061 | 0.85 | 0.99 | 0.00 | 1.00 0.69 0.27 | 1.00 0.96 1.37
o=2 0.36 | 0.30 | 0.42 | 0.76 | 0.00 | 1.00 0.52 0.23 | 0.89 1.46 2.12
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Sugar Maple

Stoke (T1,72,T3) Leaf Litter Rotten Wood Mineral min/leaf  rotten/leaf
Function Parameters Conf. Limits Conf. Limits Conf. Limits
Weibuli All vary 0.74 | 040 | 1.00 | 048 | 0.00 | 1.00 0.01 0.00 | 1.00 0.02 0.66
o=2 0.90 | 0.50 | 1.00 | 0.03 | 0.00 | 1.00 0.03 0.00 | 1.00 0.03 0.04
o=2;0=2 0.96 | 0.53 | 1.00 | 0.00 | 0.00 | 1.00 0.00 0.00 | 1.00 0.00 0.01
0=2;0=3 0.99 [ 0.56 | 1.00 | 0.04 | 0.00 | 1.00 0.00 0.00 | 1.00 0.00 0.04
Log Normal All vary 047 | 0.28 | 0.81 | 0.07 | 0.00 | 1.00 0.01 0.00 | 0.92 0.03 0.14
a=2 0.58 | 0.33 | 0.96 | 0.06 | 0.00 | 1.00 0.00 0.00 | 0.65 0.01 0.09
Sutton (T1,72,T3)
Weibull All vary 032 [ 0.29 | 0.35 | 0.57 | 0.32 | 0.81 0.00 0.00 | 0.03 0.00 1.77
a=2 0.51 | 046 | 0.57 | 0.83 | 0.50 | 1.00 0.00 0.00 [ 0.05 0.00 1.61
a=2,0=2 0.36 | 0.32 | 0.40 | 0.60 | 0.34 | 0.87 0.00 0.00 [ 0.03 0.00 1.65
0=2;0=3 031 | 028 | 0.34 | 0.50 [ 0.30 | 0.75 0.00 0.00 { 0.03 0.00 1.62
Log Normal All vary 050 | 045 | 056 | 0.73 | 0.44 | 1.00 0.00 0.00 | 0.03 0.00 1.46
=2
Sutton (T4,T5)
Weibull All vary 0.49 | 025 | 0.68 | 0.55 | 0.00 | 1.00 0.93 0.25 | 1.00 1.89 1.13
o=2 0.03 | 0.02 | 0.05 | 0.74 | 0.14 | 1.00 0.14 0.05 | 0.29 4.58 23.63
0=2;6=2 004 | 0.02 | 0.07 | 0.96 | 0.21 | 1.00 0.21 0.08 | 0.42 5.46 24.84
a=2,6=3 0.03 | 002 | 0.05 | 0.72 | 0.15 | 1.00 0.15 0.06 | 0.31 4.91 22.82
Log Normal All vary 021 ] 012 | 0.32 | 0.97 | 0.00 | 1.00 0.24 0.04 | 0.62 1.15 4.72
o=2 0.03 | 0.01 [ 0.05{ 0.71 | 0.20 | 1.00 0.17 0.06 [ 0.33 6.17 26.11
Weedon (T1,T2)
Weibull All vary 0.24 | 0.20 | 0.27 | 0.00 [ 0.00 | 0.18 0.98 0.72 | 1.00 4.15 0.01
a=2 0.09 | 0.07 | 0.10 | 0.00 | 0.00 | 0.07 0.36 0.26 | 0.47 4.14 0.00
0=2;0=2 0.18 | 0.15 | 0.21 | 0.00 | 0.00 | 0.15 0.73 0.53 | 0.96 4.07 0.00
a=2,0=3 0.04 | 0.03 | 0.05 | 0.00 { 0.00 | 0.03 0.15 0.11 | 0.20 3.73 0.00
Log Normal All vary 0.23 | 0.19 { 0.27 | 0.00 | 0.00 | 0.23 0.94 0.68 | 1.00 4.13 0.01
a=2 0.09 | 0.07 | 0.10 | 0.00 | 0.00 | 0.07 0.37 027 | 0.48 4.39 0.01
White Ash
Stoke (T1,72,T3) Leaf Litter Rotten Wood Mineral min/leaf  rotten/leaf
Function Parameters Conf. Limits Conf. Limits Conf. Limits
Weibull All vary X X X X X X X X X
a=2 X X X X X X X X X
a=2;6=2 X X X X X X X X X
a=2;0=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
a=2 X X X X X X X X X
Sutton (T1,72,T3) ~
Weibull All vary 0.35 { 024 | 048 | 0.54 | 0.00 | 1.00 0.68 0.30 [ 1.00 1.94 1.55
a=2 043 |1 031 ] 059 | 0.16 | 0.00 | 1.00 0.75 0.34 | 1.00 1.72 0.37
a=2;0=2 046 | 0.33 | 0.63 | 0.32 | 0.00 | 1.00 0.78 0.36 | 1.00 1.69 0.68
a=2,0=3 0.11 | 0.08 | 0.15 | 0.09 | 0.00 | 0.44 0.19 0.09 [ 0.32 1.70 0.80
Log Normal All vary 0.31 | 0.22 | 042 [ 0.23 | 0.00 | 1.00 0.61 0.30 § 1.00 1.95 0.73
=2 0.11 | 0.07 | 0.14 | 0.03 { 0.00 | 0.32 0.14 0.06 | 0.25 1.34 0.29
Sutton (T4,T5
Weibuil All vary 0.03 | 0.02 | 0.04 | 0.27 | 0.05 | 0.65 0.32 0.23 [ 0.44 11.18 9.49
a=2 0.08 | 0.05 | 0.10 | 0.72 | 0.12 | 1.00 0.78 0.56 | 1.00 10.16 9.48
a=2;0=2 0.07 | 005 | 0.10 | 0.79 | 0.14 | 1.00 0.79 0.55 | 1.00 10.69 10.66
o=2,0=3 0.09 | 0.06 | 012 | 0.94 | 0.16 | 1.00 0.90 0.64 | 1.00 10.40 10.82
Log Normal All vary 0.10 | 0.07 [ 014 | 0.74 | 0.01 | 1.00 0.92 0.63 | 1.00 9.16 7.37
a=2 0.14 | 0.10 | 0.20 | 0.89 { 0.00 | 1.00 0.95 0.65 { 1.00 6.58 6.15
Weedon (T1,T2)
Weibult All vary X X X X X X X X X
a=2 X X X X X X X X X
o=2;0=2 X X X X X X X X X
a=2;0=3 X X X X X X X X X
Log Normal All vary X X X X X X X X X
a=2 X X X X X X X X X
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Yellow Birch

Stoke (T1,T2,T3) Leaf Litter Rotten Wood Mineral minfleaf  rotten/leaf
Function Parameters Conf. Limits Conf. Limits Conf. Limits
Weibull All vary 010 | 008 | 0.12 | 0.01 | 0.00 | 0.27 0.86 0.71 | 1.00 8.50 0.07
a=2 0.10 | 0.08 | 0.13 | 0.00 | 0.00 | 0.23 0.98 0.81 [ 1.00 9.59 0.03
0=2,6=2 0.10 | 0.08 | 0.13 | 0.00 | 0.00 | 0.22 1.00 0.82 | 1.00 9.86 0.00
a=2;8=3 010 | 008 | 0.12 | 0.00 | 0.00 | 0.22 0.95 0.77 | 1.00 9.85 0.00
Log Normal All vary 0.15 | 0.12 | 0.17 | 0.00 | 0.00 | 0.35 0.71 056 | 0.87 4.34 0.02
a=2 0.10 | 0.08 | 0.12 | 0.00 | 0.00 | 0.23 0.96 0.79 | 1.00 9.36 0.02
Sutton (T1,T2,T3)
Weibull All vary 0.07 | 0.04 | 0.10 | 0.00 | 0.00 | 0.09 0.82 066 | 1.00 11.47 0.02
a=2 0.09 | 0.06 | 0.12 | 0.00 | 0.00 | 0.09 0.95 0.75 | 1.00 10.86 0.01
a=2;0=2 0.04 | 0.03 | 0.06 | 0.00 | 0.00 | 0.05 0.51 041 1 0.64 11.79 0.01
a=2;0=3 0.08 | 0.05 | 0.11 | 0.00 | 0.00 | 0.08 0.91 0.72 | 1.00 11.42 0.00
Log Normal All vary 0.06 | 0.04 | 0.09 | 0.00 | 0.00 | 0.08 0.60 047 | 0.75 9.38 0.00
o=2 0.06 | 0.04 | 0.09 | 0.00 | 0.00 | 0.09 0.94 0.76 | 1.00 15.85 0.02
Sutton (T4,T5)
Weibull All vary 0.00 | 0.00 | 0.00 | 0.07 | 0.02 | 0.13 0.91 0.85 | 0.97 | 690.96 49.71
a=2 0.00 | 0.00 | 0.00 | 0.06 | 0.02 | 0.12 0.82 0.77 { 0.88 | 792.86 59.69
a=2;0=2 0.00 | 0.00 { 0.00 | 0.04 | 0.02 | 0.08 0.55 052 1 0.59 | 694.26 50.07
a=2;0=3 0.00 | 0.00 | 0.00 | 0.07 | 0.03 | 0.14 0.96 089 ! 1.00 | 698.73 51.18
Log Normal All vary 0.00 | 0.00 { 0.00 | 0.04 | 0.02 | 0.08 0.48 045 | 0.51 | 486.34 43.30
a=2 0.00 | 0.00 | 0.00 [ 0.08 | 0.03 | 0.14 0.88 0.82 | 0.94 | 591.08 51.85
Weedon (T1,T2)
Weibull All vary 0.00 | 0.00 | 0.01 | 0.58 | 0.40 | 0.81 0.93 085 [ 1.00 | 189.11 118.26
a=2 0.00 { 0.00 | 0.01 | 0.25 | 0.15 | 0.37 0.70 0.64 | 0.75 | 199.89 72.50
a=2;0=2 0.00 | 0.00 | 0.01 | 0.32 | 0.20 | 0.47 0.84 0.78 | 0.92 { 201.26 77.29
a=2;0=3 0.00 | 0.00 | 0.01 | 0.29 | 0.18 | 0.43 0.77 0.72 | 0.84 | 206.78 78.06
Log Normal All vary 0.01 | 0.00 | 0.01 | 0.61 | 041 | 0.84 0.97 0.90 | 1.00 | 150.79 94.42
a=2 0.00 | 0.00 | 0.00 | 0.32 | 0.20 | 0.45 0.91 0.84 | 0.98 | 472.02 165.28
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