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Abstract

Spatially explicit models have become popular tools for predicting long-term forest landscape dynamics.
However, many of them either do not consider or simplify seed dispersal and early tree species recruitment
processes. While theoretical models of seed dispersal and early recruitment of tree species have been widely
studied, they have not been fully incorporated into coarse-scale simulators of forest landscape change.

We discuss possible ways to link existing knowledge of seed dispersal and eatly recruitment of boreal tree
species into coarse-scale landscape models, as presented in the published literature, based on a review of the most
important parameters controlling seed dispersal and eatly recruitment in boreal forest trees; a summary of spatial
variables required to simulate important processes of seed dispersal and early recruitment in coarse-scale landscape
models; and discussion of how these variables interrelate with spatial data used in existing coarse-scale forest
landscape models.

One of the limitations of successfully incorporating tree seed dispersal and recruitment processes into coarse-
scale landscape models is the lack of spatial data available for variables used by existing theoretical models of seed
regeneration. Data from point-source field studies are available but have to be converted into spatially explicit data
for use in coarse-scale landscape modelling. This may be why coarse-scale landscape models often rely on
simplified algorithms to predict seed dispersal and eatly recruitment.

Having identified gaps in the use of spatial variables for seed dispersal and eatly recruitment processes in
coarse-scale landscape models, we conclude by outlining research needed to fully incorporate seed dispersal into
future coarse-scale boreal forest landscape dynamics models.

Keywords: boreal forest, tree species, seed regeneration, landscape dynamics modelling, spatial variables



Acknowledgements

We thank John Zasada, USDA Forest Service, for his comments on the draft manuscript. Lisa Buse, Ontario
Forest Research Institute, Ontario Ministry of Natural Resources, edited the manuscript.



Table of Contents

TOEEOAUCHION 1.ttt ettt sene e 1
Tree species seed dispersal and early recruitment in boreal fOrests .........coooeiiiieiiiiiiiiiiiicee, 1
Seed PLrOQUCHON .....viiiiiiiic s 3
DASPEISAL ... 3
SEEA DANK ...tttk ettt ettt bbbkt h ettt ettt 3
FLStADISRIMENT 1.ttt bbbt ettt 4
Early seedling develOPmEnt .. ..o s 4
Vegetative FEZENEIATION ....c.vuiiiiciiiceiicie ettt 4

Spatial variables required for describing seed dispersal and eatly recruitment of boreal

OTEST TEEES -euvueteuiteuieetetetetete e te st e te st ete st et e st et e s e e e s et e s eaeeseneeseneeeemeeseae s e st s eseaseseneesentes s eneeseneeseneeseseseseneesenseseneees 7
CHMALE VATIADIES ..ervieiiiiiiiiiieieicie ettt ettt ettt ettt eassesene 7
DISTUIDANCE VALTADLES ..ttt ettt ettt e et aeaeeas 7
Terrain and site-related VALIADIES ..ottt et 8
Vegetation compPOSION VALIADIES ..o 8
Other variables related to seed dispersal and early recruitment of tree SPecies .......cccovvrvriercnnne. 8

Spatial variables included in existing landscape models ..........ccocoeiviiiiiniiiiiie, 9

Large-scale spatial models that predict seed dispersal and eatly recruitment

PLOCESSES «.uvviiieisieisisistststetscs e s s e s s sttt a et s ettt h e h e h et bt h et b h e h bbb bbb bbb 9
CIMALE VALIADIES ...vviiiiieieiieieieieteie ettt ettt s ettt b et ese st s s s eses et s et etesesseseseseneesesesesenn 9
DDASTUIDANCE vttt ettt ettt ettt ettt ettt et et et ebe s eteeneeseneebeneese e seneesenene 9
Terrain and site-related VALIADLES ... 12
Vegetation coOmMPOSIHON VALIADIES ..........oviiiiiiciciicccc e 12
Other variables related to seed dispersal and early recruitment of tree SPecies ........ccoovevrcninnnes 12

Other examples of coarse-scale landscape models and case studies (not related to seed

dispersal and early FECIUIEMENL) ....c.ooiiiiiiiiiiiiciciicc s 13
CHMALE VALIADIES ..eiviuiiiiiiiiieieiiitieieieteieete ettt ettt ettt 13
Terrain and site-related VAIADLES ......oovoiiiririeii s 13
DIStUrbDANCe VALIADLES .....vviiiiiiciese s 13
Vegetation composition Variables ..o s 13
IDISCUSSION .ttt ettt ettt ettt e b et bt b et b et et e e b bt st e b et eb et e bt eat b e st et e st st es et esetebensenen 16
CONCIUSIONS ..ttt b et bttt a et b et e bt bbb e b et e b et et e s et et e st et e st et ebesaebesebenea 18
RETETEIICES .ttt ettt ettt a ettt e e et et et et en e e s eaeesene et e st s ene s eseaneeseneesene st eneasenesenesenn 18



Introduction

Forest ecologists have long recognized the
importance of large-scale models for predicting forest
landcover changes. The growing number of models
that predict forest landscape dynamics reflects the
assoclated interest in the research community. In
general, models of forest landcover change consist of
modules, each of which predicts particular processes in
a landscape, e.g., disturbance spread (Baker 1999),
forest succession (Baker 1995, Acevedo et al. 1996,
Mladenoff and He 1999, Roberts and Betz 1999,
Yemshanov and Perera 2002) and fire disturbance
(Finney 1999). An important component of forest
landscape models is the module that predicts tree
species seed dispersal and eatly recruitment (Rupp
1998, He and Mladenoff 1999b). Year-to-year variation
in seed production, and availability of viable seed
propagules, remains one of the key factors that
determines post-disturbance successional pathways
(Kneeshaw and Bergeron 1996, Galipeau et al. 1997),
and forest pattern formation in boreal landscapes
(Palik and Pregitzer 1994, Kneeshaw and Bergeron
1998, Arseneault 2001).

The published literature provides a wealth of
knowledge about seed dispersal and early recruitment
of tree species, collected from field studies (Zasada et
al. 1992, Greene et al. 1999). However, only a few
more recent models include seed dispersal and eatly
recruitment processes (Keane et al. 1996, Rupp 1998,
Liu et al. 1999). This is because most empirical
knowledge of tree species seed regeneration and eatly
recruitment in the boreal forest biome has been
documented at the stand level (Burns and Honkala
1990, Zasada et al. 1992, Greene and Johnson 1997,
Greene et al. 1999). It is unclear how much of this
knowledge is useful for simulating forest landscape
change over large areas.

Here we describe how existing empirical knowledge
about seed dispersal and early recruitment of boreal
tree species can be used in coarse-scale landscape
models. First, the most important parameters in seed
dispersal and early recruitment processes, based on
recent reviews of regeneration ecology of boreal tree
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species, will be outlined. Second, a list of spatial
variables representing these parameters that can be used
in landscape models, will be compiled. And finally,
spatial variables being used in existing large-scale
models of landcover change will be discussed and
compared with the list of parameters derived from the
published literature about tree species seed dispersal
and early recruitment.

This review was produced to assist forest
practitioners and scientists interested in modelling seed
dispersal and early recruitment in boreal forests at
broad scales. It contains citations describing theoretical
knowledge of early tree species recruitment in North
American boreal forests, and the current state-of-
knowledge in using that information in landscape
modelling, with particular emphasis on broad scales.
This review also provides information about spatial data
requirements on seed regeneration for landscape
modelling purposes.

Tree species seed dispersal
and early recruitment in
boreal forests

Tree species seed dispersal and eatly recruitment in
the North American boreal biome has been reviewed
(Fowells 1965, Burns and Honkala 1990, Zasada et al.
1992, Greene et al. 1999). These reviews will be used to
develop a list of parameters that are essential for
predicting seed dispersal and early recruitment in boreal
forests at landscape scales. We focus on parameters that
are essential for understanding of coarse-scale rather
than stand-level issues.

Recent reviews (Burns and Honkala 1990, Zasada et
al. 1992, Greene et al. 1999) present 5 functional sub-
modules of seed dispersal and eatly recruitment
processes in boreal forests: seed production, seed
dispersal, seed bank, seedling establishment, and
vegetative propagation (Figure 1). Based on our review
of the literature, we highlight those parameters
considered most essential within each sub-module
below.
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Figure 1. Schematic representation of the key parameters of tree species dispersal and early recruitment processes in boreal
forests (adapted from Zasada et al. 1992 and Greene et al. 1999, with additional information from Fye and Thomas 1963, Fowells
1965, Bjorkbom 1971, Johnson 1975, Perala 1977, Viereck and Dyrness 1979, Black and Bliss 1980, Willson 1983, Bella 1986,
Wialker et al. 1986, Zasada 1986, Zasada 1988, Bonan and Shugart 1989, Greene and Johnson 1989a,b, Perala 1990, Cété and
Bélanger 1991, Greene and Johnson 1992, Bergeron and Archambault 1993, Richard 1993, Osawa 1994, Kneeshaw and
Bergeron 1996, Greene and Johnson 1997, Kneeshaw and Bergeron 1998, Rupp 1998)




Seed production

The most important parameters of seed production
are growth reserves (Rupp 1998, Greene et al. 1999),
resource availability, disturbance, mortality (Zasada et
al. 1992), and climate (Zasada et al. 1992, Rupp 1998).
Growth reserves reflect the reproductive status of
individual trees (Greene et al. 1999), and biomass or
basal area of the parent stand (Greene and Johnson
1994). Resource availability includes age of onset of
seed production and current stand age (Greene et al.
1999), which affect amount of seeds produced by the
parent stand (Greene and Johnson 1994, Sirois 1996).
Other important parameters affecting seed production
are the availability of soil nutrients and light (Zasada et
al. 1992).

Disturbance is the key determinant of seed
production by boreal trees (Johnson 1975, Greene et al.
1999). Parameters reported in the literature as being
critical for tree species seed production are disturbance
type, severity, and frequency. Disturbances are usually
accompanied by the release of nutrients (e.g, fire; Paré
et al. 1993), which generally increases seed production.

Climate affects seed production of boreal tree
species, especially at high latitudes (Zasada et al. 1992).
Based on the literature, the most important parameters

were extreme weather events, temperature (Zasada
1988), and latitude gradients (Zasada et al. 1992).

Mortality, either disease-induced (Zasada et al. 1992)
or through seed predation (Willson 1983, Zasada et al.
1992), commonly limits seed production in boreal
forests.

Dispersal

Seed dispersal occurs through 2 sub-processes:
ptimary, where seed is released and spread from the
source (Greene et al. 1999), and secondary, where
dispersal occurs as a result of wind on snow (Zasada et
al. 1992; Greene and Johnson 1996, 1997). Parameters
controlling primary seed dispersal processes are
production by the source and within-year timing of
seed release (Zasada et al. 1992). From a landscape
modelling perspective other important parameters are
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the distance from seed source (Zasada et al. 1992,
Ribbens et al. 1994, Greene et al. 1999), terrain
surface conditions (Bjorkbom 1971, Zasada et al.
1992, Rupp 1998), wind direction and speed (Greene
and Johnson 1995, 1996), and climate (latitude,
temperature, precipitation) (Zasada et al. 1992). Other
considerations are seed loss to predation (Rupp 1998)
and fluctuations of within-year seed release (Zasada et
al. 1992).

Secondary seed dispersal (Zasada et al. 1992,
Greene et al. 1999) is also species-specific but depends
on climate conditions such as low temperatures and
snowfall (Greene and Johnson 1997), wind direction,
and wind speed (Greene and Johnson 1989a).

Seed bank

Spatio-temporal aspects of seed bank formation are
balanced between seed increases from production and
dispersal and seed losses due to predation, dormancy,
and mortality (Zasada et al. 1992, Greene et al. 1999).
The boreal forest seed bank consists of 2 sources —
the aerial seed bank and the forest floor seed bank
(Zasada et al. 1992, Greene et al. 1999). The aerial
seed bank is influenced by seed production at the
source, disturbance (Rowe 1955, Beaufait 1960, Zasada
et al. 1979, Zasada 1986), and climate (latitude; Sirois
1996). The aerial seed bank is more sensitive to fire
disturbance in boreal forests (Zasada et al. 1992,
Greene et al. 1999), especially intensity of the burn
(Viereck et al. 1979), and is correlated with time since
the last fire (Zasada et al. 1992).

Forest floor seed bank formation is influenced
mainly by climate (Greene et al. 1999), disturbance
(type, severity, and timing; Johnson 1975), dormancy,
and longevity of seed in the forest floor (Zasada et al.
1992). Seed dormancy is thought to be insect- or
disease-induced and constrained by environmental
conditions (soil type, soil moisture conditions, soil
properties, forest litter properties) (Zasada et al. 1992).
Seed predation is a time-dependent parameter that
reduces the amount of seed in forest floor seed banks
(Zasada et al. 1992).



Establishment

Propagule, or seedling, establishment in boreal forests
is influenced by 2 consecutive sub-processes:
germination and eatly seedling development (Zasada et
al. 1992, Greene et al. 1999). Estimating germination
success requires knowledge of at least seedbed
conditions, climate, time seeds have spent on the forest
floot, and environmental conditions. Seedbed conditions
are usually evaluated differently for post-disturbance
clearings and intact forest stands (Greene et al. 1999).
For post-disturbance clearings, disturbance severity
(Black and Bliss 1980, Zasada et al. 1992) and time since
last disturbance (Zasada et al. 1978, Greene et al. 1999)
are the most important influences on establishment. For
intact forest stands, substrate conditions (Bonan and
Shugart 1989, Barlett et al. 1991, Greene et al. 1999),
stand age (Kneeshaw and Bergeron 1998), and existing
density of viable seeds (Greene et al. 1999) are most
important. Important information about environmental
conditions are thought to be temperature (Zasada et al.
1992), soil water content (Zasada et al. 1978), and forest
litter conditions (Zasada et al. 1992).

Early seedling development

Estimating eatly survivorship and seedling
development requires information about substrate
conditions (Coté and Bélanger 1991, Zasada et al. 1992,
Kneeshaw and Bergeron 1996, Greene et al. 1999),
disturbances (Zasada et al. 1992), climate (Bergeron and
Archambault 1993, Richard 1993, Greene et al. 1999),
existing canopy species composition (Walker et al. 1986),
and seedling loss to predation (Zasada et al. 1992).
Information about canopy openings due to aging
(Kneeshaw and Bergeron 1998, Greene et al. 1999),
insect outbreaks, and diseases (Fye and Thomas 1963,
Ruel 1991, Osawa 1994, Morin and Laprise 1997) are
important because of their role in controlling light
regimes at forest floor level (Greene et al. 1999).

Vegetative regeneration

Vegetative regeneration is another method of early
recruitment of boreal tree species (Zasada et al. 1992).
It is controlled by 3 basic sub-processes: production of
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asexual buds, formation of asexual bud bank, and early
vegetative establishment (Greene et al. 1999). The
production of asexual buds is affected by disturbance
type (Zasada et al. 1992) and severity (Zasada et al.
1992, Rupp 1998), and basal area and age of the parent
tree (Greene and Johnson 1997, Greene et al. 1999).

The asexual bud bank is influenced by age of the
parent tree (Perala 1977, Zasada et al. 1992, Greene et
al. 1999), severity and type of disturbance (Zasada et al.
1992, Greene et al. 1999), and soil and substrate
conditions (Zasada et al. 1992).

Early vegetative reproduction also is influenced by
disturbance type (Zasada et al. 1992, Greene et al. 1992),
age and basal area of parent tree (Zasada et al. 1992,
Greene et al. 1999), climate (Zasada et al. 1992), terrain
surface conditions (Greene et al. 1992), substrate (Bella
1986, Perala 1990, Zasada et al. 1992), and vegetative
propagule loss to predation and browsing by animals
(Zasada at al. 1992). Knowledge of disturbance
parameters includes type, severity, and time since last
disturbance (Zasada et al. 1992, Greene et al. 1999).
Substrate conditions include a variety of upper soil
horizon properties, forest floor conditions (Bella 1986,
Greene et al. 1999), forest litter characteristics (Greene
et al. 1999), and soil temperature (Perala 1990).

The review of existing knowledge about tree species
seed dispersal and eatly recruitment processes indicates
that many processes are influenced by the same
parameters, e.g, disturbance type and severity, and stand
age. As a result, parameters can be categorized into
groups. For example temperature, precipitation, and
wind speed fall into a climate-related group. Other
groups include distutbance-related, site/tetrain condition
description, and vegetation composition parameters.

To explore linkages with coarse-scale landscape
modelling, these parameters must be represented by
spatially explicit variables. Based on recent reviews of
regeneration ecology of boreal tree species and seed
dispersal in boreal forests (Burns and Honkala 1990,
Zasada et al. 1992, Greene et al. 1999), these spatial
variables are listed in Table 1.
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Table 1. Minimum spatial variable set required to describe seed dispersal and early recruitment of tree speciesin boreal forests.

Factor/parameter

Climate Variables
Latitude

Temperature
Precipitation

SHEUEIREE]ES

Latitude, degrees

Mean, min, max, monthly, annual
Mean, min, max, monthly, annual

Sub-processes requiring the parameter

Seed production, primary and secondary seed dispersal, forest
floor seed bank, germination and seedling survivorship, early
vegetative reproduction

Coarse-scale data source

Direct calculation

Interpolation from climate observation stations
Interpolation from climate observation stations

Extreme weather events

Snowfall
Soil temperature

Frost-free days, drought periods

Mean, min, max, monthly, annual

Mean, min, max, monthly, annual

Seed production, forest floor seed bank, germination and
seedling survivorship, early vegetative reproduction

Secondary seed dispersal

Germination and seedling survivorship, early vegetative
reproduction

Interpolation from climate observation stations, validation by
field case studies

Interpolation from climate observation stations

Interpolation from climate observation stations

Wind direction distribution
Wind speed distribution

Daily, monthly, annual

Daily, monthly, annual

Primary and secondary seed dispersal

Interpolation from climate observation stations

Disturbance Variables
Disturbance type (pattern)

Disturbance severity

Disturbance type

Severity code or rank

Seed production, aerial seed bank, forest floor seed bank,
seedling survival and development, early vegetative
reproduction

From historical forest inventories, interpreted aerial
photographs. Requires field validation

Age of canopy gaps
Canopy gap pattern

Age, years
Type of canopy openings

Seedling survival and development

From historical forest inventories, aerial photographs and
remote sensing data. Requires field validation

Disease/ outbreak severity

Time since disturbance

Time since fire disturbance

Outbreak severity

Time since disturbance, years

Time since disturbance, years

Seed production, seed mortality, seedling survival and
development

Seed production, germination and seedling survivorship,
early vegetative reproduction

Aerial seed bank, forest floor seed bank

From historical forest inventories, aerial photographs and
remote sensing data. Requires field validation

From historical maps and forest inventories, remote sensing
data. Requires field validation

From historical forest inventories, aerial photographs and
remote sensing data. Requires field validation

Terrain/Site Variables
Elevation

Details on terrain surface
Soil type

Soil nutrient availability
Soil water content

Forest litter conditions

Elevation surface

Slope, aspect, terrain complexity, stream
network

Soil type

Amount of nutrient elements available
per ha per year

Monthly, yearly water content in soil per
area unit

Forest litter conditions

Primary seed dispersal, early vegetative reproduction

Seedling establishment, early vegetative reproduction

Seed production, germination and seedling survivorship, early
vegetative reproduction

Seed production, germination and seedling survivorship

Germination and seedling survivorship, seedling survival and
development, early vegetative reproduction

From digital elevation model

Coarse estimates from land inventory databases. Fine-scale
estimates require interpolation from field studies

Coarse estimates from land inventory databases. Fine-scale
estimates require interpolation from field studies

Coarse estimates from land inventory databases. Fine-scale
estimates require interpolation from field studies

Requires interpolation from field studies
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Table 1. Continued.
Factor/parameter

Spatial variables

Tree Species Composition Variables

Tree species composition

Basal area

Basal area of parent tree
Age of stand

Age of mother tree

Tree species composition

Species basal area, m? per ha
Tree basal area, m?

Stand age, years

Stand age, years

Sub-processes requiring the parameter

Primary and secondary seed dispersal, germination and
seedling survivorship, early vegetative reproduction

Seed production

Early vegetative reproduction

Seed production, germination and seedling survivorship
Early vegetative reproduction

Coarse-scale data source

From interpreted aerial photographs

From interpreted aerial photographs
Not available for coarse scale
From interpreted aerial photographs
Not available for coarse scale

Variables Required to Predict Seed Dispersal and Early Recruitment

Onset of seed production

Produced seeds

Production of viable seeds

Seed persistence in forest floor

Date of seed release

Distance from seed source

Dormancy caused by insects/
diseases

Group based on the ability to
produce seeds

Seed loss/predation within
dispersal time

Seed loss/predation at forest
floor

Seedling loss/ predation

Preferable periods of
successful germination

Serotiny

Vegetative propagule predation

Seedling establishment

Early vegetative reproduction

Tree age, years

Amount of seeds produced per unit area
per year

Viable seed produced per unit area
per year

Seed persistence in forest floor (timing)

Within-year date of seed release (mean,
min, max)

Distance from nearest seed source, m

Percentage of dormant seeds due to
disease and insect outbreak

Tree's reproductive status

Percentage of seed lost to predation

Percentage of viable seed lost to
predation

Rate of seedling loss to predation

Germination timing period

Relative serotiny value

Percentage of vegetative
propagules lost

Seedling density from dispersed seeds

Vegetative stem density from pre-
disturbance vegetation

Seed production

Primary and secondary seed dispersal

Germination and seedling survival

Forest floor seed bank

Seed production, primary seed dispersal

Primary seed dispersal

Forest floor seed bank

Seed production

Primary seed dispersal

Forest floor seed bank

Seedling survival and development

Germination and seedling survival

Forest floor seed bank, aerial seed bank

Early vegetative reproduction

Seedling survival and development

Early vegetative reproduction

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

From forest resource inventory maps, interpreted aerial photographs

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies

Requires interpolation from field studies




Spatial variables required for
describing seed dispersal
and early recruitment of
boreal forest trees

Groups of variables used to describe seed dispersal
and early recruitment mechanics of boreal tree species
are climate, disturbance, terrain and site-related
conditions, vegetation composition, and parameters
specifically used to describe dispersal and eatly
recruitment processes (Table 1).

Climate variables

Climate parameters presented in the literature can
be condensed into 7 commonly used groups: latitude,
temperature, precipitation, extreme weather events,
snowfall, soil temperature, and wind direction and
speed (Zasada et el. 1992, Greene et al. 1999) (Table
1). Most of these can be interpolated from climate
station records to show general coarse-scale trends.
Precipitation and temperature data from climate
observation stations are temporally accurate (i.e., daily
fluctuations available).

Snowfall data are critical for describing secondary
seed dispersal processes (Greene and Johnson 1997).
Snowfall data can be interpolated from climate station
records, but local fine-scale fluctuations in snow
accumulation, which significantly affect secondary
seed dispersal (Greene and Johnson 1997), are not
available.

Other important variables controlling primary and
secondary seed dispersal processes include wind
direction and speed (Okubo and Levin 1989; Greene
and Johnson 1995, 2000; Stewart et al. 1998). Climate
station records provide daily wind speed and direction
data that can setve as a coarse-scale data source.

Soil temperature is an essential variable for
modelling early seedling survivorship and eatly
vegetative reproduction processes (Perala 1990, Zasada
et al. 1992). However, detailed spatial information
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about soil temperature can only be obtained by directly
measuring it in the field.

Disturbance variables

Disturbance influences all seed dispersal and eatly
recruitment processes in North American boreal
forests (Fig. 1, Table 1). Common considerations are
disturbance type (e.g, fire, aging, succession, insect
outbreak, disease), location (spatially explicit pattern),
and timing. The timing information about when
disturbances occurred can be acquired from historical
forest inventory maps, aerial photographs, and
landcover maps. Historical data on catastrophic fire
disturbances provide annual information, however,
records of other disturbance types (wind, insect
outbreaks) are less detailed. Fine-scale historical canopy
openings (gaps) can only be detected from high-
resolution aerial photographs. This is one of the most
difficult parameters to find; information about forest
inventory databases have a minimum size limit for
landscape patterns, e.g., 4 ha in Ontario Forest
Resource Inventory databases (Gillis and Leckie 1993).
Detection of partial canopy openings also requires
high-resolution aerial photographs with spatial accuracy
linked to individual tree size. Thus it may not be
realistic to use this data for coarse-scale modelling,

Another important parameter is the severity of
disturbance (Thomas and Wein 1985a, Frelich and
Reich 1998). It correlates with soil and forest floor
conditions and canopy closure index (Thomas and
Wein 1985b), and affects seedling survival and early
vegetative reproduction processes. Indirectly, the effect
of disturbance severity on tree species early
regeneration can be interpreted from high-resolution
aerial photographs taken 1 to 10 years after
disturbance (Jeglum and Boissonneau 1977); however,
there is no agreement in the literature about how
disturbance severity (especially fire) can be modelled
and predicted in a spatially explicit way.



Terrain and site-related variables

Three basic terrain parameters have traditionally
been used in landscape ecological research: slope,
aspect, and elevation. However, the literature indicates
that more variables are required to properly describe
the propagule dispersal process. For seed dispersal,
production of asexual buds, and eatly vegetative
propagation knowledge about the following variables
is essential: water content in upper soil horizons
(Zasada et al. 1978, Zasada et al. 1992), forest litter/
organic seedbed conditions (Bella 1986, Bonan and
Shugart 1989, Bartlett et al. 1991, Greene et al. 1999),
soll type (Zasada et al. 1992, Greene et al. 1999), and
availability of nutrients (Coté and Bélanger 1991,
Zasada et al. 1992, Kneeshaw and Bergeron 1996,
Greene et al. 1999).

Perhaps, the derivation of these spatial variables
that characterize ecological site conditions is not so
straightforward and cannot be limited to the use of
digital terrain models only. For example, moisture
content data can be interpolated from field case
studies and corrected using terrain surface conditions
(Barringer 1997). Coarse-scale soil data can be
acquired from land inventory maps (at least in
Ontario, Canada) (OMNR 1977).

Soil water content and soil nutrient status
parameters are time-dependent, which complicates
their interpolation from field studies, and makes it
difficult to generate spatial coarse-scale variables for
large areas. The same can be said for forest litter
conditions, which is difficult to scale up from field
measurements because it is correlated with other
factors such as canopy composition, biomass of trees,
moistute conditions, terrain surface conditions, and
climate fluctuations (Lang 1985, Hughes and Fahey
1994, Simard et al. 1998). Initial fine-scale spatial
models predicting forest litter accumulation have been
proposed (Pastor and Post 1985, Yarie 2000);
however, methods for extrapolating these parameters
to large spatial extents have not been developed.
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Vegetation composition variables

Spatial variables that can be condensed from
vegetation composition parameters include tree species
composition, basal area (Greene and Johnson 1994,
Greene et al. 1999), and stand age (Perala 1977,
Zasada et al. 1992, Kneeshaw and Bergeron 1998).
Dominant tree species composition and stand age data
can be acquired from forest inventory maps and
interpreted aerial photographs. In the boreal forest
biome, dominant tree species can be associated with
succession (Morneau and Payette 1989, Bergeron
2000, De Grandpre et al. 2000). Coarse estimates of
stand basal area can be obtained from forest resource
inventory databases (at least in Canada); however, they
require extensive field validation. Variables associated
with individual trees, such as basal area and parent
tree age (Zasada et al. 1992, Greene et al. 1999),
cannot be easily represented at large scales.

Other variables related to seed dispersal
and early recruitment of tree species

Based on recent reviews (Zasada et al. 1992,
Greene et al. 1999), parameters most often used to
describe seed dispersal and eatly recruitment processes
are age of onset of seed production, timing of seed
release, and tree reproductive status (Table 1). Two
fine-scale parameters, the amount of seeds produced
per unit area (Greene and Johnson 1994, Sirois 1996)
and seed mortality (Willson 1983, Zasada et al. 1992)
were also considered important (Table 1).

Information about average time of seed persistence
in the forest floor, dormancy caused by diseases and
insects, and seed predation rates is required to predict

seed bank dynamics (Zasada et al. 1992).

Information about production of viable seeds,
preferable periods of germination, predation rates
during eatly establishment and seedling survival
(Figure 1, Table 1) are all required to quantify the
carly establishment process. Data on predation and
mortality of vegetative propagules are also required.



All spatial variables cited in this group, except
distance from seed source, can only be interpolated
from field studies.

Spatial variables included in
existing landscape models

After reviewing the literature to determine which
spatial variables are required to describe propagule
dispersal and eatly regeneration processes, we assessed
which spatial variables have been used in existing
large-scale models of landscape change.

As Table 1 shows, many spatial variables that are
required to describe seed dispersal and eatly
recruitment exist only as field study results, which are
mostly stand-level. The lack of landscape-level field
studies may be why seed regeneration algorithms are
oversimplified in existing coarse-scale landscape
models.

To illustrate this, we compared spatial variables
being used by existing coarse-scale landscape models
with the parameter list developed in our review and
cited in Table 1. We refer to recent coarse-scale forest
landscape models that account for seed dispersal and
eatly recruitment of tree species (Rupp 1998, He and
Mladenoff 1999b). Other coatse-scale case studies and
landscape models that do not include seed
regeneration algorithms also are discussed if they
include the parameters we are interested in.

Large-scale spatial models that predict
seed dispersal and early recruitment
processes

From the literature we selected landscape models
that predict vegetative propagation and seed
regeneration of tree species: ABFEM (Rupp 1998),
ALFRESCO (Rupp et al. 2000), FIRE-BGC (Keane et
al. 1996), FORMOSAIC (Liu et al. 1999), LANDIS
(Mladenoff and He 1999), VAFS/LANDSIM (Robetts
1996), ZELSTAGE (Urban et al. 1999), and a model
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proposed by Pastor et al. (1999). Only one of these
landscape-scale models is specifically designed for seed
dispersal and eatly recruitment modelling — ABFEM
(Rupp 1998). We did not include individual tree-based
and stand-level (gap) successional models (e.g.,
SORTIE; Caspersen et al. 1999), because our ptimary
focus is coarse-scale modelling issues.

We sorted spatial variables used in coarse-scale
landscape models into the following groups:
vegetation composition, disturbance, terrain and site-
related conditions, climate, and variables used
specifically to predict seed dispersal and early
recruitment, e.g, seed dispersal distances, seedbed
conditions (Table 2). These groups are similar to those
outlined in Table 1. We also added information about
the spatial resolution of selected variables, which
varies from 10 m (Rupp 1998, Liu et al. 1999) to 500
m (Mladenoff and He 1999) to an extreme of 2 km
(Rupp et al. 2000).

Climate variables

The models evaluated mostly used over-generalized
climate parameters such as the probability of
occutrence of certain tempetature/ precipitation
range, growing season temperature, precipitation
(Rupp et al. 2000), or climate zone (Mladenoff and
He 1999) (Table 2). Only one model, ABFEM (Rupp
1998), used wind direction distribution for spatially
predicting seed dispersal. None of the coarse-scale
models included wind speed, which is considered
important for seed dispersal modelling (Okubo and
Levin 1989; Greene and Johnson 1989b, 1995). Not
did they consider snowfall and none predicted
secondary seed dispersal.

Disturbance

Variables characterizing disturbance included
disturbance pattern, time since disturbance, severity,
and some related to disturbance regime (Table 2).
Disturbance patterns were usually based on annual
temporal accuracy and represented common types, 1.e.,



Table 2. Spatial variables used in large-scale models of landscape dynamics that account for seed dispersal and early tree species recruitiment.

Resolution Model name

Climate Variables

10m ABFEM
2 km ALFRESCO
10-500 m LANDIS
0.3 ha ZELSTAGE

Author, year, source

Rupp 1998
Rupp et al. 2000

Mladenoff and He 1999
Urban et al. 1999

Generalized climate variables

Probability of temperature/
precipitation class occurrence

Climate zone

Environmental regimes

growing season climatic regime

Growing season climate type

(categorical)

Variables

Temperature and precipitation

Growing season temperature
and precipitation

Wind direction/speed

Wind direction distribution

Disturbance Variables

Disturbance pattern

Disturbance severity

Time since disturbance

Disturbance probability

10m ABFEM Rupp 1998 Fire disturbance pattern Fire severity
2 km ALFRESCO Rupp et al. 2000 Disturbance pattern
Polygon-based FIRE-BGC Keane et al. 1996 Disturbance pattern Fire intensity
. KW per m )
10m FORMOSAIC Liu et al. 1999 (KW per m) Windthrow frequency
10-500 m LANDIS He and Mladenoff 1999a Historical fire and harvest pattern Time since disturbance
10-500 m LANDIS + Gustafson and Crow 1999 Historical fire and harvest pattern Time since disturbance
HARVEST
Polygon-based VAFS/ LANDSIM  Roberts and Betz 1999 Fire disturbance pattern Time since last fire
disturbance
Vegetation Composition Variables Cpéfr;g'oséﬂirggnce vegetation Vegetation composition Age Biomass-related variables
10m ABFEM Rupp 1998 Veg.types, species Veg.types, species
2km ALFRESCO Rupp et al. 2000 Veg.types Fuel load
Polygon-based FIRE-BGC Keane et al. 1996 Veg.types Stand age Stand composition, Fuel
. ) biomass (total/understory)
10m FORMOSAIC Liu et al. 1999 Species
10-500 m LANDIS Mladenoff and He 1999 Veg.types, species Stand age cohorts, Stand age
10-500 m LANDIS Gustafson and Crow 1999 Species Stand age cohorts, Stand age
+HARVEST

Polygon-based  VAFS/LANDSIM

0.3 ha ZELSTAGE

Roberts 1996

Urban et al. 1999

Species, list and number
of 1st-order neighbours
Species

Presence of 10-year age class
(for each species)
Stand age

Fuel accumulation

Stand conditions




Table 2. Continued.

Resolution

Terrain/Site Variables

10m ABFEM

2km ALFRESCO
Polygon-based FIRE-BGC

10m FORMOSAIC
10-500 m LANDIS

10-500 m LANDIS + HARVEST

Ind.-based., Landsc. SORTIE
ver.-30m

Polygon-based

Model name

VAFS/LANDSIM

Author, year, source

Rupp 1998

Rupp et al. 2000
Keane et al. 1996

Liu et al. 1999
Miadenoff and He 1999
Gustafson et al. 2000
Caspersen et al. 1999

Roberts and Betz 1999

Basic terrain characteristics

Aspect

Elevation
Elevation
Elevation, slope, aspect
Elevation

Variables

Site characteristics

Landform position

Land type, Soil map
Land type
Soil type

Hydrological characteristics

Soil moisture classes

Seedbed type

Seedbed receptivity
(based on climate and
disturbance)

Probability of reproduction
by each species

Early Recruitment Variables

10m ABFEM
10m FORMOSAIC
10-500 m LANDIS

Polygon-based

N/A

VAFS/LANDSIM

Rupp 1998

Liu et al. 1999

He and Mladenoff 1999b
Roberts and Betz 1999

Pastor etal. 1999

Early Recruitment Variables (cont.)

Age of seed production

Used as an attribute

Age of seed production

Density of dispersed
seeds

Cone/seed crop

Seed production of current
and previous year

Availability of seeds at seed
source area

Percent of pro-pagules and
re-maining years of vitality for
stored seed

Seed mass per tree

Seedlings density from
dispersed seeds

Seedlings density from
dispersed seeds

Viable seed production
per unit area

Viable seed production
per unit area

Predation of seedlings

Distance from the
seed source

Distance from the seed sourt

Distance from the seed sourt

Distance from the seed sourt

Distance from the seed sourt

Seed dispersal distance

Early vegetative
reproduction

10m ABFEM

Polygon-based FIRE-BGC

10m FORMOSAIC
10-500 m LANDIS
Polygon-based VAFS/LANDSIM

N/A

Rupp 1998

Keane et al. 1996
Liu et al. 1999

He and Mladenoff 1999b

Roberts and Betz 1999

Pastor et al. 1999

Density of viable dispersed seeds

Probability of seed dispersal

Probability of seed dispersal

Presence of stored seed

Density of established
seedlings from dispersed
seeds

Maximum number of recruits
allowed in a grid cell because
of competition

Species establishment
probability

Habitat type (distance
from the swamps/
streams)

Habitat type

Seedlings’ browse
density

Density of vegetative stems
regenerated from pre-
disturbance vegetation

Vegetative reproduction
probability

Percent of propagules and
remaining years of vitality for
root systems




fire (He and Mladenoff 1999a, Roberts and Betz 1999),
harvesting (Gustafson et al. 2000), and wind
(Mladenoff and He 1999). Time since disturbance was
also reported based on annual intervals (Roberts 1996,
Mladenoft and He 1999, Rupp et al. 2000). Only 2
models used severity of disturbance — ABFEM (Rupp
1998) and FIRE-BGC (Keane et al. 1996). Other
variables characterizing disturbance regimes were
represented by mean fire return interval (Mladenoff
and He 1999, Robertz and Betz 1999) and windthrow
frequency (Liu et al. 1999).

Terrain and site-related variables

The variables most often used to characterize terrain
surface were elevation (Keane et al. 1996, Liu et al.
1999, Mladenoff and He 1999, Rupp et al. 2000) and
aspect (Rupp 1998, Liu et al. 1999). Landform position
(Keane et al. 1996) and slope (Liu et al. 1999) were
used occasionally (Table 2).

Ecological site conditions were classified using soil
moisture class (Caspersen et al. 1999), and land type
(He and Mladenoff 1999a). Seedbed receptivity (Rupp
1998) and probability of reproduction by each species
(Roberts 1996) represent spatial variables related to the
seedbed conditions.

Vegetation composition variables

Vegetation composition variables most commonly
used in landscape models were tree species composition
(Mladenoff and He 1999, Pastor et al. 1999, Roberts
and Betz 1999) and vegetation classes based on the
dominant canopy (Keane et al. 1996).

Mean stand age variables (Keane et al. 1996, Urban
et al. 1999) ot the presence /absence of age cohott
(He and Mladenoff 1999a, Roberts and Betz 1999)
were used to spatially represent vegetation age.
Variables characterizing tree species biomass have not
been used in large-scale landscape models, with the
exception of fuel load (Rupp et al. 2000) and fuel
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biomass (Keane et al. 1996). Other variables being
used were pre-disturbance vegetation composition
(Rupp et al. 2000) and first-order neighbouring tree
species (Roberts and Betz 1999).

Other variables related to seed dispersal
and early recruitment of tree species

Existing landscape-level models use various sets of
spatial variables to characterize dispersal of propagules
and early regeneration. Seed production (seed crop)
was represented by cone/ seed production (Rupp et
al. 2000), availability of seed at the source (Liu et al.
1999), petcent of propagules and remaining years of
viability (Roberts and Betz 1999), and seed mass per
tree (Pastor et al. 1999).

Density of dispersed seeds was usually represented
as presence/absence of seed propagules (Roberts and
Betz 1999), probability of seed dispersal (Keane et al.
1996), and density of viable dispersed seeds (Rupp
1998). Only the ABFEM model distinguished seed
production and availability of viable seeds per unit
area (L.e., Rupp 1998) and used them as separate
variables in the model.

Seed dispersal modes often have been calculated
based on distance from seed source using current tree
species composition and age in adjacent locations
(Rupp 1998; Liu et al. 1999; He and Mladenoff
1999b) (Table 2).

Coarse-scale landscape models often do not
consider the seedling establishment process in a
separate sub-module. Instead it is replaced by a
constraint, such as the maximum number of
successfully established seedlings per unit area (Liu et
al. 1999), or an establishment coefficient (Mladenoff
and He 1999). Only one of the models evaluated,
ABFEM, predicted the seedling establishment process
and used the density of established seedlings
(successful germinants; Rupp 1998) as a variable in a
model.



No examples of the use of spatial variables for rate
of seed and vegetative propagule loss to predation
were found in existing models. Indirect variables such
as known animal locations or habitat type (as related to
the browsing of seedlings and vegetative sprouts) were
used (Liu et al. 1999) but were never directly related to
modelling propagule dispersal mechanics.

Spatial variables describing vegetative reproduction
were less frequently used and were represented by
density of vegetative stems regenerated from pre-
disturbance vegetation (Rupp et al. 2000), and
percentage and viability period of propagules (Roberts
and Betz 1999).

Other examples of coarse-scale
landscape models and case studies (not
related to seed dispersal and early
recruitment)

A comparison of Tables 1 and 2 shows that existing
models use only a subset of the spatial parameters
considered important for describing seed dispersal and
eatly tree species recruitment. To fill this gap, we

evaluated other coarse-scale models and case studies of

forest landscape dynamics that do not consider seed
dispersal and early recruitment processes. Table 3
presents examples of spatially explicit variables used in
these models. These additional spatial variables, not
cited in Table 2, ate discussed below.

Climate variables

Other models of landscape dynamics and case
studies incorporated more climatic variables. We found
examples of monthly soil temperature (Barringer
1997), snowfall (Turner et al. 1994), and daily wind
direction and speed (Vasconselos and Guertin 1992).

Terrain and site-related variables

In addition to basic terrain variables (elevation,
slope, aspect), other spatially explicit variables used to
characterize terrain and site conditions wete landform
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elements (Montgomery et al. 1998), soil suitability
(Dale and Pearson 1999), geomorphologic deposit
type (Pan et al. 1999), soil deposition potential
(Montgomery et al. 1998), surficial geology class
(Moore et al. 1991). Variables that characterize
hydrological conditions were represented by
topographic moisture index derived from digital
elevation data (Frank 1988, Montgomery et al. 1998,
Wimberly and Spies 2001) and water balance index
(Turner et al. 1996). Almost all case studies and
models of landcover dynamics included the basic
digital elevation data — elevation, slope, and aspect.
Terrain insolation vatiables such as southness, solar
radiation (Montgomery et al. 1998, Wimberly and
Spies 2001), and relative sun incidence (Turner et al.
1996) were used occasionally.

Disturbance variables

Disturbance variables used in landscape models to
predict propagule dispersal processes did not differ
among models (Tables 2 and 3). Commonly used
variables were disturbance pattern, time since
disturbance, and probability of disturbance. As Table
3 shows, the disturbance severity variable was not
used.

Vegetation composition variables

Vegetation type and tree species composition are
the most commonly used variables in landscape
models (Table 3). Compared with Table 2, Table 3
indicates more extensive use of biomass-related
variables, such as amount of released carbon (Dale
and Pearson 1999), tree crown base height, and bulk
density (Finney 1999). However, these variables were
used in landscape models designed to predict specific
processes in the landscape, such as fire spread (Finney

1999).
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Table 3. Examples of spatial variables used in landscape dynamics models and case studies that do not account for seed dispersal and tree species early

recruitment.
Resolution

Climate-related Variables

10 ha
100 m
1km

100 m
1km
25m
N/A
63.4m

25m
20m

30m

Model/case study type*

LC
LD
FR

HB
LD
LD
FD
FR

Case studies
Case studies

Case studies

Author, year, source

Acevedo et al. 1996
Urban et al. 1999 (MOSAIC)

Baker et al. 1991
McKenzie et al. 2000

Turner et al. 1994
Turner et al. 1996
Turner et al. 1996
Urban et al. 1999 (METAFOR)

Vasconselos and Guertin 1992
(FIREMAP)

Barringer 1997
Montgomery et al. 1998

Wimberly and Spies 2001

Temperature and precipitation

Thermal factor (derived from DEM)

Mean annual and summer (June-

Sept) precipitation
Snowfall precipitation (3-day)

Monthly soil temperature

Mean and minimum annual daily
temperature

Variables

Wind direction/speed

Daily wind direction and speed

Misc. climate

Probability of synoptic (climate) type
occurrence

Short wave solar irradiance
Relative sun incidence
Site (climate coefficient)

Solar radiation
Short-wave radiation ratio
Total solar radiation

Site/Terrain Variables

10 ha

50m
100 m
90m
Polygon-based
(1:1M)
N/A
156 m
100 m
1km
25m
N/A
63.4m

MSS Landsat
(90 m)

30m

20m

1:25000

30m

LC

LD
LD
LD
LU

FR
LU
HB
LD
LD
FD
FR

LD

Case studies
Case studies

Case studies

Case studies

Acevedo et al. 1996,
Urban et al. 1999 (MOSAIC)

Baker 1999 (DISPATCH)

Baker et al. 1991

Berry et al. 1996 (LUCAS)

Dale and Pearson 1999 (DELTA)

Finney 1999 (FARSITE)

Pan et al. 1999

Turner et al. 1994

Turner et al. 1996

Turner et al. 1996

Urban et al. 1999 (METAFOR)

Vasconselos and Guertin 1992
(FIREMAP)
Wear et al. 1996

Frank 1988
Montgomery et al. 1998

Moore et al. 1991

Wimberly and Spies 2001

Basic terrain characteristics

Elevation, slope, aspect

Elevation, slope, aspect
Elevation
Elevation, slope, aspect

Elevation, slope, aspect

Elevation, slope, aspect

Elevation, slope, aspect
Elevation, slope, aspect
Elevation, slope, aspect

Elevation, slope, aspect
Elevation, slope, aspect
Elevation, slope

Elevation, slope, aspect

Elevation

Site characteristics

Soil type

Soil stability

Soil suitability

Geomorphologic deposit types

Landform elements,

Soil deposition potential, Upslope
drainage area

Surficial geology classes, Distance
from ridgeline, Slope position

Distance to the nearest stream,
slope position

Hydrological characteristics

Soil moisture

Water balance index
(10 km)

Moisture

Topoclimatic index
Topographic wetness index

Catchment Watershed area

Topographic moisture index




Table 3. Continued.

EENT

Model/case study type*

Author, year, source

Variables

Vegetation Composition Variables Vegetation composition Age Biomass-related variables
10 ha LC Urban et al. 1999 (MOSAIC) Forest cover types

50m LD Baker 1999 (DISPATCH) Vegetation types Stand age

100 m LD Baker et al. 1991 Vegetation types

90m LD Berry et al. 1996 (LUCAS) Landcover types

2ha(1:15000) FD Cumming et al. 2000 Species, vegetation types Stand age

Polygon- LU Dale and Pearson 1999 (DELTA) Vegetation types Carbon released from vegetation over
based (1:1M) simulation time

N/A FR Finney 1999 (FARSITE) Canopy cover Crown base height,

1: 40000 HV Gustafson and Crow 1999 (HARVEST) Forest cover types Stand age crown bulk density

20m LC Li 1995 Vegetation types

1km FR McKenzie et al. 2000 Vegetation types

15.6 m LU Pan et al. 1999 Land use types

30m LU Theobald et al. 2000 Neighbouring species richness

100 m HB Turner et al. 1994 Vegetation types

1km LD Turner et al. 1996 Vegetation types Biomass carbon pools
N/A FD Urban et al. 1999 (METAFOR) Forest cover types Age classes

63m FR Vasconselos and Guertin 1992 (FIREMAP)  Vegetation types Fuel load

MSS Landsat LD Wear et al. 1996 Landcover types

(90 m)

Disturbance Variables

Disturbance pattern

Time since disturbance

Disturbance probability

50m LD Baker 1999 (DISPATCH) Clearcut activity Time since disturbance Probability of disturbance initiation
100 m LD Baker et al. 1991 Fire disturbance pattern Time since disturbance Probability of fire disturbance
N/A FR Cissel et al. 1999 Time since last fire Mean fire return interval/ frequency

1:15000 (2ha)  FD

Cumming et al. 2000

Historical fire pattern

Time since last fire

100 m HB Turner et al. 1994 Fire disturbance pattern
N/A FD Urban et al. 1999 (METAFOR) Time since disturbance
63.4m FR Vasconselos and Guertin 1992 (FIREMAP)  Fire spread

* Model type:

HV - harvest model

FD - fine-scale forest dynamics model
(9ap, individual-based)

FR - fire regime model

HB - habitat model

LU - land use model (including land
management activity)
PD - model predicts propagule dispersal

LC - landcover change model
LD - landscape dynamics model including the modelling
of disturbance, succession, also - LC, HB, FR, LU




Discussion

In contrast with the growing tendency of including
more biological parameters in empirical models that
predict eatly recruitment of tree species by seeds and
vegetative propagules, existing coarse-scale models of
forest landscape dynamics tend to use a reduced set
of spatial variables. Comparing Tables 2 and 3 with
Table 1 shows that the spatial variables used by
coarse-scale landscape models do not completely
cover the list of required seed recruitment parameters

predicted by theoretical knowledge (shown in Table 1).

For example, soil water content, seed persistence in
the forest floot, dates of seed release, and seed loss
rates have not been used. Physiologically important
variables such as seedling loss to predation, serotiny,
seed dormancy, and preferable period of successful
germination have not been included.

Why have these variables not been used in existing
landscape models, even though theoretical knowledge
about seed dispersal and early recruitment is abundant
and available (e.g., Okubo and Levin 1989, Greene
and Johnson 1996)? Greene et al. (1999) stated that
existing gaps in dispersal knowledge limit the
development of a unified set of parameters to
develop a seed recruitment subroutine for models of
forest landscape change. They identified the following
major knowledge gaps:

(1) Relationships between seed production and stand
basal area are not known, especially how these are
affected by senescence

(2) Temporal variation in seed production

(3) Seed dispersal modes from sources of different
geometry

(4) Asexual stem production

(5) Germination and advanced regeneration, under a
closed canopy

Without this information, a generalized seed
dispersal and early tree recruitment model for boreal
forests cannot be developed (Greene et al. 1999). This
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list of additional knowledge requirements expands
when questions related to coarse-scale modelling
issues are added. The application of seed recruitment
algorithms requires that parameters be spatial
variables. Some of them (e.g., vegetation composition,
climate, terrain surface, disturbance occurrence) exist
for large spatial extents and have been used in coarse-
scale modelling, Some spatial variables have been
specifically derived for use in landscape-level seed
recruitment models (e.g, growing season temperature,
precipitation, disturbance pattern, soil type, amount of
seed produced, density of established seedlings) (Table
2). Examples of the other variables used in coarse-
scale landscape models and case studies (e.g, soil
water content, soil temperature, water balance index,
topographic wetness index, stand basal area) also were
reported in the literature (Table 3). However, more
spatial variables will be required to fully incorporate
the theoretical knowledge about seed recruitment into
landscape models. Most essential are:

¢ Within-year climatic data (precipitation, snowfall,
temperature) and within-year timing of disturbance.
The literature provides the timing of successful seed
germination for boreal tree species (Zasada and
Gregory 1969, Dobbs 1976, Haavisto 1978, Burns and
Honkala 1990, Zasada et al. 1992, Sirois 2000).
Comparing within-year timing of disturbance and
climate for a landscape with periods of preferable seed
germination from the literature may significantly
improve the prediction accuracy of seed recruitment
models, especially by linking with climate fluctuations.

¢ Site suitability for viable seed storage, germination,
and seedling establishment. Existing spatial data
sources describe site conditions mainly by terrain
features, i.e., slope, aspect (Table 2), curvature,
landform elements (Montgomery et al. 1998), slope
position (Moore et al. 1991), topoclimatic index (Frank
1988), moisture index (Wimbetly and Spies 2001), and
generalized soil moisture regime (Turner et al. 1996,
Wimberly and Spies 2001). It is unclear how these
spatial data sources could be used to detive a universal
spatial variable set that would identify site suitability for



seed germination and seedling establishment. Also
methods for deriving coarse-scale estimates of forest
floor litter condition, which is important for
determining seed viability, germination success, and
seedling establishment (Zasada et al. 1992), are still not
available.

¢ Scale issues, Le., interpolation and scaling-up of
spatial variables from point-source field studies of seed
recruitment represent another problem. The inability to
derive spatial data for many parameters may diminish
the effectiveness of using these physiologically
important processes of seed recruitment in landscape
modelling. That may be why models predicting forest
landscape dynamics still tend to use simplified
approaches to account for seed recruitment. For
example, only one of the models evaluated (Rupp
1998) attempted to maintain detailed algorithms of
seed dispersal and early recruitment at the landscape
scale.

The shortage of parameters characterizing site
conditions in existing large-scale forest landscape
models may be another obstacle to incorporating seed
recruitment knowledge into landscape models. Models
predominantly use generalized spatial variables derived
from inventories and land surveys, i.e., land types, soil
classes in landscape models (Table 2). Only one study
attempted to use a site parameter directly related to
the regeneration dynamics of tree species, seedbed
receptivity (Rupp 1998); however, this variable was
derived from climate type and disturbance regime.

What options are available to solve these problems
in future modelling efforts? The simplest is to limit
the complexity of seed dispersal and eatly recruitment
algorithms in coarse-scale landscape models based on
available spatial data. In general, published knowledge
is based on field observations and thus is at the scale
and spatial resolution of an individual tree or stands
(spatial accuracy is 0.5-10 m). This makes it possible
to parameterize fine-scale variables for further use in
the model. However, increasing model complexity and
the number of parameters used, but with low spatial
accuracy, may not improve the overall accuracy of
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predictions, as was shown for other forest dynamic
models (Bugmann and Martin 1995). Development of
detailed and physiologically based algorithms of seed
recruitment will require more spatial and attribute data
layers, which may not exist at large scales. One option,
is to redesign the spatial data derivation process. For
example, attribute data can be used to create spatio-
temporal variables, such as date of seed release. Using
the range of this parameter provided in the literature
would document its variability in specific climatic and
ecological conditions. This technique could be used to
derive spatial variables for seed production, early
survival and establishment, and seed mortality.

Another option is to involve compositional data
sources. The idea is to improve the spatial accuracy of
coarse-resolution spatial data sources (e.g., interpolated
from point source observations) by combining them
with high-resolution relevant data. For example,
information about seedbed and site ecological
conditions can be enhanced by high-resolution data
sources, such as a digital elevation model. However,
more studies are required to provide valuable linkages
between these data and the parameters used to model
seed dispersal and eatly recruitment. Coupling digital
elevation models with other spatial data sources, such
as photo-interpreted land inventory, climate
observations, and field case study results, it may be
feasible to derive spatial data sets for other important
parameters used in seed dispersal and eatly
recruitment modelling, e.g., soil temperature (Barringer
1997) and soil properties (Schloeder et al. 2001).
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Conclusions

Based on the results of an extensive review of the
literature, we discussed the linkages between existing
knowledge of seed dispersal and eatly recruitment of
tree species and what is needed for accurate coarse-
scale modelling of boreal forest landscape change.
Although many existing landscape models do not
consider tree species propagation, advances in
theoretical knowledge about tree species propagation
ecology are such that basic parameters controlling
seed dispersal and early recruitment in boreal forest
trees can now be incorporated into these models. The
main difficulty is how to represent these parameters as
spatial variables for coarse-scale modelling purposes.

At the moment, two options exist, both of which
are compromises. They are either to use simplified
procedures of spatial data generation for coarse-scale
landscape modelling purposes or to limit the
complexity of seed dispersal and early recruitment
algorithms in coarse-scale landscape models to those
for which spatial data are now available. However,
future case studies of boreal tree species propagation
ecology will likely rely more on available sources of
coarse-scale spatial data for climate, terrain, and
vegetation composition. Available and current spatial
data will remain one of the major limitations to
Incorporating tree species regeneration ecology into

landscape modelling,
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