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Abstract

Landscape planning and analysis, landscape simulations, and landscape projections all seek to either evaluate the current or
past condition of a landscape or project future conditions. The level of spatial and computational resolution chosen should be
carefully considered because it will restrict or empower future developments in large-scale, integrated landscape planning
projects. In this paper, the basic challenges and opportunities associated with using forest vegetation growth and yield models
and databases in large-scale, long-term forest landscape simulation projects are outlined. We pose several questions that
integrated landscape modeling teams should consider when evaluating whether to use forest growth and yield data in
landscape planning efforts. When managers and other professionals involved in landscape planning efforts are prepared for the
challenges and opportunities inherent in modeling forest vegetation dynamics, they may then be positioned to implement a fast
and smooth modeling process. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Within the context of forest landscape planning, few
will argue that forest growth and yield data are not
necessary when making management decisions at the
forest stand (10-50 ha), forest (>100 ha), ownership,
regional, or even national level. Growth and yield data
typically consist of either tree-level estimates of forest
structure, or summaries of structural conditions at the
stand-level (e.g. the number of ‘““large” trees, snags, or
timber-harvest volume per unit area). Ditzer et al.
(2000) provide an example of how forest inventory,
geographic information systems (GIS), and growth
models can be used in forest landscape planning.
The benefits of using these data and models at a
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landscape scale to evaluate sustainable harvest
regimes, forest recovery rates, and the potential effects
of diseases, insect outbreaks, or invasive plant species
on forest health are becoming increasingly clear.
Assessing the effects of forest management practices
on productivity is another seemingly appropriate
application of these models. Two arguments in favor
of using growth and yield data in landscape planning
and analysis, simulations, and projections (hereafter
grouped as ‘“‘landscape planning’’) are that it may help
to determine how activities can be allocated across a
landscape, and that it may help to evaluate the effects
of human-caused and natural disturbances. Using
stand-level models to examine situations at the land-
scape level helps ensure that underlying processes are
considered (Mikeli et al., 2000).

The appropriate resolution at which the information
is represented in a planning model is highly debatable
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within landscape planning projects, whether it is tree-
level data, stand summaries, or some other gross
estimate of trends in vegetation dynamics (hereafter
grouped as ‘“‘projections of vegetation condition’’)
particular to an issue or planning problem. Because
there is no correct answer, decisions concerning
data resolution generally are negotiated by planning
team members through a discussion of project goals.
However, the effort of projecting vegetation condi-
tions involves some rather cumbersome and complex
technical issues. Further, there is a great need to
integrate complex layers of biological information
(Johnsen et al., 2001), and to address questions
posed at landscape scales or resolutions higher
than those at which the data was measured (Smith
et al., 1998).

The focus of this discussion is on the mechanical
processes used to collect, generate, and summarize
projections of forest vegetation condition for forest

landscape planning. We assume here that planners are
not biometricians. The biological and silvicultural
considerations related to the type or shape of growth
and yield models are left to other, more technical
research. For example, while we may examine the
challenges in generating large quantities of data
related to timber volume, stand structure, or other
measures of forest productivity, we will not delve
into the form or function of the specific equations
used to make the calculations. The objective of
this discussion is to help integrated planning teams
understand the issues related to developing forest
structure data and projecting and summarizing forest
trends through time, within the context of forest land-
scape planning (Table 1). The discussion is divided
into three parts: data development, forest condition
projections, and forest condition summaries and use
(Fig. 1), based on the progression of data through a
modeling system.
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Program into growth and yield model Development
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and yield model J
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Growth and Operate growth and yield model
Yield Model on tree data Forest
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Report landscape condition as it
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Fig. 1. Flow chart of processes associated with incorporating projections of vegetation conditions in landscape planning and associated

ecological effects models.
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Table 1
Issues related to data development, forest condition projections,
and summaries of forest structural conditions

Data development
Where were the forest inventory data collected?
When were the forest inventory data collected?
What do the forest inventory data contain?
What do the forest inventory data not contain?
How much data are available?
Are other forest inventory data available?

Forest condition projections
Which vegetation projection system should be used?
In what area was the projection system calibrated?
What data does it model?
What data does it not model?
What limitations are there to using the projection system?

Forest structural condition summary and use
What measures of forest condition are desired?
What processes are available to summarize the conditions?
Have the summarization processes been verified?
To what format should the summaries be fit?

2. Data development

Developing data for a landscape planning system
may seem a trivial process, but it is one of the most
important and requires careful consideration of some
basic questions. To project the vegetation condition of

Geographic representation
of the landscape

Geographic database
Accuracy level 1

Time
<

Geographic database
Accuracy level 1

a forested landscape, two basic elements are needed:
forest inventory data and a forest growth-projection
model. Forest inventory data describe the current (or
recent) condition of the forest and are often related to
some geographical representation of the landscape.
These data may comprise a list of trees that forest
technicians have sampled across the landscape,
records that describe average conditions for certain
types or sizes of trees, or summaries of the forest
condition on a per unit area basis (e.g. conifer trees per
acre or hectare). Realistic analysis of commodity
production potential and management effects over
time and space requires an approach that explicitly
considers the heterogeneity and geographic distribu-
tion of forest conditions (Ditzer et al., 2000). Most
forest industry companies update these databases
every year (Fig. 2), yet the extent of this coverage
reflects only a portion of the landscape, and the
databases are usually considered proprietary, thus
not for general audience use. For complete landscape
coverage, GIS databases derived from satellite ima-
gery are most often used, yet have limited forest
inventory data associated with the landscape features.
Acquiring a set of forest inventory that represents all
features on a landscape equally well, then relating this
data to satellite imagery, poses several challenges,
many of which this paper addresses. Several basic

Geographic database
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Forest inventory databases

Fig. 2. Time line of forest inventory plot measurements compared with geographical database development.
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questions must be asked when developing forest
inventory databases, including the following: where
and when was the inventory data collected, what does
the inventory data contain, what does it not contain,
and how much data is available?

2.1. Where were the forest inventory data
collected?

Forest inventory data are expensive to collect. If one
were to develop a system where forest growth trends
can be estimated, a set of field plots must be ade-
quately marked and maintained, the trees numbered
and tagged, etc. and re-measured at periodic intervals.
Generally, there exists a few sources of forest inven-
tory data (public and private) for most areas in North
America. However, the availability of this data is
problematic, and the coverage may not be suitable
for the landscape of interest.

Assuming forest inventory data are available for use
in a landscape planning project, a modeler should first
determine the location of each measurement plot. If
they are all within the landscape of interest (L;), this
question is moot (Fig. 3). However, certain measure-
ment plots sometimes may be located outside of L; (in
L), perhaps within a few kilometers of L;, yet could
represent forest conditions within L;. For example,
landscape planning in the coastal region of Oregon (L;)
might utilize forest inventory data collected in the
coastal area rather than in the Cascade Mountains or
southwestern part of the state. However, data for a
“forest type,” such as a stand of Pacific madrone
(Arbutus menziesii), may be unavailable in certain
public databases associated with L;, but available in
a database associated with the southwestern part of the
state (Ly). The modeling team would have to judge the
merit of using the madrone inventory of L, in land-
scape plans of L;.

2.2. When were the forest inventory data
collected?

The age of the forest inventory data poses two
distinct challenges to scientists and policymakers.
First, to be of value, data collected 5-10 years ago
may need to be projected forward to now (assuming
the landscape projection time period is from now (7})
to some point in the future (7)). Growth and yield

a) plot locations
Lll
b) X X X X
X X
LO
X X
X
X
3 3 b3 X

Fig. 3. Plot locations (a) within a landscape of interest and (b)
within and outside a landscape of interest.

projection models may have limitations that prevent a
perfect adjustment of the state of forest conditions,
however. For example, assume that a growth and yield
model makes projections in 5-year increments. Data
collected 7 years ago could be projected forward either
5 or 10 years before it is used, but this would result in
either a 2- to 3-year discrepancy from 7}, depending
on the projection period. For policymakers making
100-year projections (or longer) this might not be
viewed as a major problem, but it could be for
scientists or managers who are interested in short-
term responses or decisions associated with recent or
near-term management actions.

The second challenge is matching the date of forest
inventory data collection to that of the geographic
database with which it will be associated in the land-
scape planning effort (Fig. 4). Remote sensing is a
valuable source of spatially comprehensive and tem-
porally repeatable information that may be useful to
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Fig. 4. Time line of forest inventory plot measurements compared with remotely sensed satellite imagery.

modelers (Plummer, 2000). Satellite imagery, for
example, might be used to develop a representation
of the vegetation condition of the landscape, since
satellite imagery can provide a representation of the
entire landscape, not just individual ownerships scat-
tered across a landscape. If the inventory data will be
associated with the imagery to represent finer detail of
the structural conditions of the forests on the land-
scape, the timing of the inventory measurement (or
subsequent projection) should be closely matched
with that of the imagery. However, classified satellite
imagery generally has varying degrees of accuracy
and a range of represented structural conditions.
Associating tree-level inventory data to these land-
scapes may prove quite challenging, particularly if
several inventory databases are available, each with
relatively better or worse qualities than the next. There
is a clear need to provide an assessment of the
accuracy of remotely sensed data, as well as a dis-
cussion of the range of limitations of its use. If the
sensitivity of landscape model behavior to measures
of forest stand structure is low, then simple indices of
forest stand structure may be more appropriate than
detailed measures (Plummer, 2000), and these may be
more easily provided by remote sensing. However, the
needs of associated ecological effects models must
also be considered when deciding on the resolution of

stand structure data, and in some cases this leads back
to the use of tree-level forest inventory data.

2.3. What do the forest inventory data contain?

A wide array of vegetative attributes can be used to
define the structural condition of a forest, from shrub
layers to fungal communities, to both the live and dead
components of a forest. For instance, to describe the
snag component of a forest, one may need to know
how many dead trees exist and, perhaps, the condition
of those trees. To simply project the live-tree condi-
tions of a forest through time, several basic forest
attributes would be required, such as species composi-
tion, density of tree stems, and some measure of site
productivity. Most forest inventory databases that
are derived from measurements of field plots contain
these data (Table 2). However, each forest growth and
yield model may require a different set of data, and
thus knowing what the available forest inventory
databases contain is important in order to understand
the extent and magnitude of assumptions that must be
made in response to the data the inventory databases
do not contain.

Unless planners collect forest inventory data with a
particular growth and yield model in mind, some
generalizations and assumptions are needed for fitting



112 P. Bettinger/Landscape and Urban Planning 56 (2001) 107-124

Table 2

General data attributes of a forest inventory database (example inventory plot, data expanded to a per hectare basis)

No. trees Tree species Diameter at breast Tree height Crown ratio Expansion factor
height (dbh) (cm) (m) (%)* (trees/ha)®
1 Red alder 25 19 25 29
2 Red alder 33 27 45 16
3 Red alder 47 29 35 8
4 Red alder 46 25 35 8
16 Douglas-fir 48 31 45 8
17 Douglas-fir 47 31 45 8
18 Douglas-fir 37 28 35 13
19 Douglas-fir 38 31 35 12
37 W. hemlock 11 0 0 115
38 W. hemlock 9 0 0 115
39 W. hemlock 5 0 0 115
Total 1600

* Crown length/tree height.
® Trees per unit area that each tree record represents.

tree database data to model requirements (Fig. Sa). For
example, assume that our example plot from Table 2 is
represented by 39 tree records (1600 trees/ha), and that
15 of them (the red alder (Alnus rubra) records) are of

Tree database contains:
Tree species
Diameters
Some heights
Some crown ratios
Number of trees per unit area

v

Growth and
Yield Model

Growth and yield model requires:
Tree species
Diameters
Some heights (interpolates missing heights)
Number of trees per unit area

b)

Tree database contains Growth and yield model requires

Tree species, ———» Tree species,
Tree species, ——» Tree species,

Tree species37 Tree species,
Tree species, - > Tree species,
Tree species;

Tree speciesg—————» ?

Fig. 5. Data considerations when (a) matching variables within a
tree database to a growth and yield model, and (b) matching the
specific measure of a variable to that modeled in a growth and yield
model.

a species not accommodated by the chosen growth and
yield model. If planners are to continue using that
particular inventory data and the chosen growth and
yield model, either those 15 tree records (representing
435 trees/ha) must be ignored (e.g. tree species 6 in
Fig. 5b), or they must be assigned a species code that is
accommodated and that closely resembles the growth
and structural characteristics of the original species
(e.g. tree species 4 in Fig. 5b). Alternatively, a second
growth and yield model could be used.

2.4. What do the forest inventory data not contain?

One of the most obvious assessments of inventory
data is to determine whether all of the appropriate
forest types are represented. Here, some preliminary
summaries are needed to describe the extent of stand
conditions represented. For example, if a 500,000 ha
landscape contains 300,000 ha of plantations and
200,000 ha of naturally regenerated forests of varying
conditions, one would expect more inventory data in
areas where there is more heterogeneity (most likely in
the naturally regenerated forests). More data, however,
are usually available for the areas of the landscape for
which most of the financial decisions will likely be
made (i.e. the plantations). From a landscape planning
perspective, one would need to ask whether there are
enough data to adequately represent all landscape
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conditions. It is important to determine which of the
landscape features are the most underrepresented and
to understand the uncertainty of projecting the con-
ditions of these resources. The landscape planning
team will likely need to discuss how these determina-
tions will affect subsequent analyses as well, factoring
in the risk of under representing heterogeneity in the
landscape.

More subtle determinations of possible missing
information are related to the underlying forest inven-
tory data. For example, although crown ratios (crown
length/total tree height) are not required by some
growth and yield models, in other models they can
make forest projections more accurate. However,
crown ratios are conspicuously absent from many
forest inventory data sets (e.g. the western hemlock
(Tsuga heterophylla) trees in our example inventory
plot from Table 2) because of the expense involved in
sampling both tree heights and crown lengths. Invari-
ably, other data may also be missing or erroneous
within an inventory database. One obvious determina-
tion of errors is to locate data outside of the normal
data ranges, or in the case of categorical data, data
represented by an invalid code.

Finally, modelers must understand that the type of
sampling design used to collect tree data may affect
the accuracy of the resulting growth and yield projec-
tions (Hann and Zumrawi, 1991). For example, data
collected under a design which uses small sampling
units, and used in a growth and yield model that was
developed with data collected under a design that used
larger sampling units, may result in inaccurate in
growth predictions.

2.5. How much data are available?

It is quite important to discuss the trade-off between
how long it takes to develop projections of vegetation
conditions and the desired level of spatial and struc-
tural representation of the landscape. These discus-
sions initially tend to focus on whether the inventory
data are sufficient to adequately cover a landscape (as
previously addressed), and subsequently, whether the
amount of inventory data is too much to adequately
manage within the time frame of the landscape plan-
ning project. Unfortunately, the potential for recog-
nizing a vast heterogeneity of forest conditions on a
landscape via hundreds of field plots may be forgone

simply by a decision to reduce an planner’s workload
within some time frame; these compromises, however,
do occur.

This trade-off might best be illustrated by assuming
that a project has 1500 forest inventory plots available
for its use, but only 30 days to generate the projections
of vegetation condition needed for a landscape plan-
ning effort. A further assumption may be that the
growth and yield model chosen requires slightly less
than one minute per plot per management prescription
(pathway), to generate a 100-year projection. There-
fore, the total amount of time to produce growth and
yield data for 1500 plots modeled under a single forest
management prescription would be 25 h (1500 min)
for this data set. If only one computer were available,
exclusively for growth and yield modeling, only 30
management prescriptions (pathways) could be mod-
eled in the time allotted. Variations on the assumptions
indicate that the response surface is non-linear (Fig. 6).
Of course, this simple example ignores the time
required to format the inventory data for input into
the growth and yield model as well as the time for
summarizing and verifying the projections. Discus-
sions of these matters are very enlightening, and force
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Fig. 6. Non-linear relationship between number of forest inventory
plots, number of management prescriptions that can be modeled,
and the time required per management prescription.
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projects to focus on alternatives, compromises, and
perhaps even a re-evaluation of project goals.

2.6. Are other forest inventory data available?

Landscape planning team members often suggest
that project goals be delayed until other, newer
(recently measured) inventory data are available.
These delays must be carefully considered because,
although better databases can often be obtained “‘in
the future”, opportunities to affect planning (and
subsequent policy) may be lost. The challenge for
planners is to obtain or develop the highest quality
databases at the most reasonable cost (usually within
some budget limit) in a reasonable time frame.
Because databases are updated periodically, develop-
ing a system by which the new data can be assimilated
rather easily and quickly into the planning system may
be equally important. In addition, the verification and
validation of these databases should also be consid-
ered as a time and cost item. Postponing products or
extending project deadlines because newer, better
databases are ‘‘soon to arrive” could be perceived
as either a frustrating delay or a necessary condition
for policymakers, based on the risks associated with
moving forward without the new databases.

Some alternatives to traditional forest inventory
databases include plot-level forest data collected
under less (or more) statistically sound sampling
procedures, remotely sensed data from interpretations
of air photos or satellite images, or the installation and
measurement of new inventory plots. All of these
alternatives, as well as the available data assumed
above, must be verified and perhaps validated to
ensure that they reasonably represent the landscape
of interest. Utilizing data from a variety of sources
may also entail a variety of intermediate processes for
formatting data according to the input requirements of
a growth and yield model (Fig. 7). One of the most
common differences is that some databases store data
in metric units, and others in English units. In other
cases, the protocol for identifying attributes of trees
may be different. For example, our forest inventory
data from Table 2 could represent tree species by their
common names (e.g. ‘“western hemlock’), which we
may need to convert to a numeric code, such as “263”
as used in the Organon growth and yield model (Hann
et al., 1997). Suppose, however, that another source of

A, { A,/ A,

Formatting Formatting Formatting
Program, Program, Program,

Growth and
Yield Model

a5,

Summarize
Program

[T

Fig. 7. Tree-level data from multiple sources may require multiple
formatting programs to make the data compatible with the input
requirements of a growth and yield model.

inventory data represents western hemlock trees as
“TSHE.” A separate process for converting these
codes to “263” are then needed if we choose to use
this data. While these are simple examples, they are
prevalent when using databases acquired from differ-
ent sources. These other sources include Forest Inven-
tory and Analysis plots periodically measured on
private land by the US Forest Service, forest inventory
plots measured on federal land by the National Forest
System and Bureau of Land Management, and a
variety of research plots collected by federal and
university scientists. Several private organizations
have also collected forest inventory data that are
perhaps useful in landscape planning, yet these are
generally considered proprietary, and thus generally
not available for public use.

3. Forest condition projections

Once an initial landscape condition is represented
by some set of forest inventory data, the next set of
challenges is to describe those conditions over time
for every possible combination of stand/management
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pathway (i.e. management prescription). Growth and
yield projection models generally utilize forest inven-
tory data as input, and apply growth and mortality
functions to that data to estimate future forest condi-
tions (e.g. trees per unit area, basal area, species mix).
Other summary models, such as a snag and down log
decay model, may be necessary to produce additional
measures of forest structural conditions. Baldwin et al.
(2001) provide a discussion on the utility of using a
forest growth and yield model to provide tree-level
detail for other process models. Here we present
several questions related to choosing a growth and
yield model.

3.1. Which vegetation projection system
should be used?

Vegetation projection systems should, at a mini-
mum, accurately model the gross growth of a forested
stand as well as competition-related mortality. Like-
wise, they should be able to predict stand development
over a range of reasonable site indices and stand
conditions. Many forest vegetative models are avail-
able for areas of the world where forest research has
been ongoing for several decades. In the Pacific North-
west, at least 22 computerized growth and yield
models are available because no single model can
satisfy all the needs of such a large and diverse land-
scape (Ritchie, 1999). Many of these models overlap
in geographic extent. When deciding which model to
use, we assume that a growth and yield model is
executed on a computer, although other models of
growth and yield exist as equations or yield tables
(e.g. Hann and Riiters, 1982). The computerized
models consist of systems of integrated mathematical
relationships that attempt to mimic the dynamics of
forests.

The four basic forms of growth and yield models are
individual-tree, gap, whole-stand, and disaggregative.
These are simulation models, i.e. simplifications of
complex systems. Therefore, users should understand
the advantages and limitations of each type of model
(Ritchie, 1999). For example, individual-tree models
utilize and track the development of trees while whole-
stand models do not. Whether a stand is represented by
individual trees or whether some aggregate summary
statistics are important depends on the objectives of
the planning process.

As their name implies, individual-tree models uti-
lize trees to make forecasts of stand structure over
time. The benefit of using this model type is its
capability of producing high-resolution simulations,
making it perhaps the best type for representing
mixed-species or uneven-aged stands (Ritchie,
1999). Although distance-independent individual-tree
models do not require the spatial location of trees in a
stand, distance-dependent models do. The spatial
arrangement is used to account for inter-tree competi-
tion within a stand, and may provide better estimates
of thinning responses. The drawback to using dis-
tance-dependent models is that they require more data
and are generally more computationally intensive than
distance-independent models.

Gap models are also individual-tree models, but
their distinguishing feature is that trees are modeled on
a specific fixed area in a stand or gap that corresponds
to the area occupied by a fully mature tree (Ritchie,
1999). The input format of these models generally is
not consistent with typical sampling procedures. Thus,
the tree-level inventory data must be re-formatted to
the specifications of the gap model. In addition, many
common measures, such as merchantable tree volume
and management practices, are not available to users.

Because whole-stand growth and yield models use
stand-level data to estimate forest structure through
time, fine-scale, tree-level resolution is lacking. As
their name implies, the output consists of stand-level
measures. This type of model generally requires less
data than individual-tree models, processes computa-
tions faster, and is best suited for even-aged forests
(Ritchie, 1999). Disaggregative models operate in two
steps: predicting stand growth with a whole-stand
model, then disaggregating the results to trees that
describe the stand. This model type has some of the
benefits and limitations of both individual-tree and
whole-stand models.

The input requirements, output products, and oper-
ating logic of growth and yield models will likely also
be key in choosing the appropriate model for a plan-
ning process. Crown ratio, for example, may be an
input requirement for some models, whereas others
may simply impute the crown ratio from other tree
data. These measured crown ratios result in growth
and yield predictions that are more reasonable than
when estimated. Site quality, or site index, is another
input requirement that could significantly influence
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the results of a growth and yield simulation. Some
models use site index (average height of dominant
trees at some standard age) as the only measure of site
productivity, whereas others require more information
such as elevation, slope, aspect, and weather condi-
tions.

Finally, the degree to which a growth and yield
model (and its associated components) has been peer-
reviewed may help guarantee that the form of the
model is appropriate and that the projections devel-
oped are statistically appropriate within a certain
range of error.

3.2. In what area was the projection system
calibrated?

Key questions to ask of a growth and yield model
are: where was the tree data obtained for developing
the growth and yield equations; what range of tree
sizes and site indices was measured; and how many of
the tree size/site index combinations were sampled?
The answers to these may lend some insight into the
robustness of the growth and yield model. In addition,
it is important to know the geographic regions that the
model has been calibrated to work well within. The
Organon growth and yield projection system (Hann
et al., 1997), for example, has been calibrated for use
in southwestern and northwestern Oregon, as well as
the Coast Range of Oregon. Other growth and yield
models, such as DFIT (Bruce et al., 1977), DFSIM
(Curtis et al., 1981), FPS (Forest Biometrics Inc.,
2001), FVS (Stage, 1973; Wycoff et al., 1982), PSME
(Harrington et al., 1991), RVMM (Shula et al., 1998),
SPS (Mason, Bruce, and Girard Inc., 2001), SYS-
TUM-1 (Ritchie and Powers, 1993), have been devel-
oped for portions of this same geographic area, yet the
extent of the geographic boundaries vary to the north,
south, and west of that specified for Organon. Exten-
sions of particular growth and yield models to condi-
tions outside of the range of soil and forest conditions
of the calibration area most likely will require some
re-calibration, which assumes users have the ability to
make these adjustments (usually users do not have the
ability to make these adjustments). In addition, adap-
tation of growth and yield models for use in modeling
tree species not commonly found in a particular geo-
graphic area may require the inclusion of new ecolo-
gical effects sub-models and parameters (Sands et al.,

Table 3
Number of tree species modeled by certain projection systems
designed for use in the Pacific Northwest coastal areas (USA)

Model No. of tree species modeled
DFSIM 1
FVS? 42
Organon® 6
RVMM 9
SPS¢ 25

# Pacific Northwest Coast variant.
b Coast Range (SMC) variant.
¢ Actual number depends on variant.

2000) into the growth and yield projection system,
which again assumes users have the ability to make
these adjustments.

3.3. What data does it model?

The range of modeled data varies among projection
systems, as is seen in the wide variety of tree species
allowed in systems for the Pacific Northwest coastal
areas (Table 3). Representative site indices and stand
conditions also vary with each available growth and
yield model. For example, PSME (Harrington et al.,
1991) is very specific about what it can model, i.e.
plantation-grown Douglas-fir (Pseudotsuga menziesii)
stands from ages 3—10. Planners must also understand
the range of appropriate management treatments that
can be modeled, and the available output statistics
(e.g. timber volume).

As mentioned earlier, the type of model selected
will also dictate the type of input data that is needed.
For example, whole-stand models use less input data
(a diameter distribution of the trees in the stand of
interest) than do individual-tree models. Individual-
tree models use tree-level data from a sample of trees
in a stand. More time is usually required to use
individual-tree models and to manage the input data
they require and output data they generate, but the
projections may be more accurate than those produced
by whole-stand models.

3.4. What data does it not model?

As noted above, some growth and yield models
have very high-level, fundamental assumptions that
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limit what is known about the stands they model. For
example, whole-stand models do not model individual
trees, so landscape planners must determine whether
the individual trees are of interest for summary sta-
tistics and associated ecological or economic models.
Although tree distributions can be inferred from
whole-stand models, the reasonableness of these esti-
mates for other uses (e.g. ecological effects models)
should be evaluated. Other lower-level differences
among the models can be determined only by study-
ing the user’s manuals associated with each model.
For example, DFSIM (Curtis and others 1981)
includes the following limitations (from Ritchie,
1999): stands with fewer than 750 trees/ha at estab-
lishment, that are very young or that have been
pre-commercially thinned, or are less than 80%
Douglas-fir, are generally outside the range of data
used to develop the model. Most of the models
presented in this paper have a limited range of tree
species that can reasonably be modeled. FPS (Forest
Biometrics Inc., 2001), FVS (Stage, 1973; Wycoff
etal., 1982), and SPS (Mason, Bruce, and Girard Inc.,
2001), are all able to model our example stand from
Table 2, however Organon (Hann et al., 1997) does
not current model red alder growth, thus a user of
Organon would have to decide what to do with the red
alder trees in the inventory database (ignore them, or
redefine them as some other tree species), and sub-
sequently understand the consequences of the deci-
sion. Some individual-tree models also limit the
number of trees that may represent a stand. For
example, Organon (Hann et al., 1997) limits the
number of trees per stand to 1000.

3.5. What other limitations are associated
with the projection system?

Growth and yield models differ with respect to
input requirements, output products, and management
options available to the user (Ritchie, 1999). No
standard format, or data standard, exists for tree lists.
Thus, the input requirements generally vary among
growth and yield models. These growth and yield
model input requirements probably also differ from
the format under which the forest inventory data is
organized and stored. Planners must be familiar
with the input data formats for the models they
utilize, and perhaps will need to develop intermediate

programs to convert inventory data to a growth and
yield-model format.

Some growth and yield models are available both in
run-time executable, stand-alone programs, and in
forms such as dynamic link libraries, which allow
integration with other software. Each poses its own
operational problems. Stand-alone programs generally
require specific input and output formats and force
landscape simulations to use pre-defined management
prescriptions because the growth trends through time
will usually be developed a priori to a landscape
simulation, and stored in yield or look-up tables.
Dynamic link libraries also utilize a specific input
and output format. However, because they can be
closely linked to a landscape simulation model, the
formatting can occur within the simulation model
itself. In addition, dynamic link libraries allow devel-
opment of management prescriptions from a contin-
uous set of potential prescriptions, as opposed to using
a pre-defined set stored in a yield table. When linked to
landscape simulation models, forest conditions can be
generated ““‘on the fly”” (only when needed during a
simulation), yet verification of appropriate growth and
yield statistics becomes problematic because the typi-
cal output products from stand-alone programs are
usually not available for planners to ponder.

How growth and yield models handle missing data
and their flexibility in controlling growth is also
important. In some individual-tree growth and yield
models, unmeasured (missing) tree values can be
estimated from empirical relationships. A good exam-
ple may be in estimating the missing crown ratios on
the western hemlock trees in Table 2. It is worth
considering whether these estimates reflect the stand
conditions of the sampled area. Likewise, the ability to
control stand growth based on a measure of stand
density may be important. For example, a growth and
yield model might be developed for a broad area, yet
will be applied to a smaller local area. Biometricians
familiar with stand development in this local area may
have empirical evidence indicating some control of
stand density is required when applying the model
there. The question is not whether controlling growth
and yield by stand density is important, but whether
applying that particular model is feasible.

As noted earlier, a consideration of the time
required to produce growth and yield projections is
important. Some stand-alone growth and yield models
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allow users to generate multiple simulations (in
“batch’ modes), whereas others run interactively with
the user, on a stand-by-stand basis. Although the time
to make a single projection may be somewhat com-
parable, producing multiple and, perhaps, thousands
of projections is an operational issue. Therefore,
modelers must determine how long it will take to
perform the entire job.

Finally, the range of appropriate projections must be
understood. In some “‘areas’ of the potential projec-
tion ‘“‘space’, users must be aware that the resulting
projections extend beyond the data collected and used
for model development. For example, certain combi-
nations of tree species, site index, and other tree and
site conditions may not have been observed in data
collection efforts, yet a growth and yield model may
still produce projections in these areas. For example,
while Organon (Hann et al., 1997) will warn users that
projections beyond a stand age of 120 are outside of
the range of data used to build the growth models, it
allows the projections to continue. If we were to
assume that our example stand described in Table 2
were currently 50 years old, and if we were interested
in developing growth and yield data for a 100-year
landscape simulation, we would encounter this situa-
tion, since we may need to project our example stand
to the age of 150 years. The other options are to stop
all forest growth at 120 years and assume the forest
conditions in the remaining 30 years resembled the
conditions at age of 120 years, or we could simply not
track any data for ages of 120-150 years. Other growth
and yield models may not cover the full range of forest
change dynamics, lacking regeneration, mortality, and
often certain ranges of site quality (Mékeld et al., 2000).
Therefore, planners should understand the limitations
of a growth and yield model, and understand that those
projections outside the recommended “‘projection
space” must be reviewed for appropriateness.

4. Forest structural condition summary and use

To utilize growth and yield data for describing
landscape conditions, tree-level (or stand) projections
should be summarized into stand- or forest-level
conditions. If a dynamically linked growth and yield
model is associated with a landscape simulation
model, storing and using tree-level data in a simulation

model may require, for example, the quantity of
[((NTV) + (NS)] pieces of data to be stored and man-
aged as needed, where N is the number of tree records,
T the number of time periods recognized in the
simulation model, V the number of dynamic tree-level
variables to be tracked for each tree, and S is the
number of static tree-level variables (stand number,
plot number, tree species) that must be tracked for
each tree. In our example stand of Table 2, this results
in N =32, T = 20 (assuming 20 5-year time periods),
V = 4 (diameter, height, crown ratio, expansion fac-
tor), and S =3 (stand number, plot number, tree
species), which amounts to 3237 pieces of data to
store and track. The amount of computer memory this
requires depends on the data type specified for each
variable (e.g. single precision number, double preci-
sion number, string, etc.). If the growth and yield
model is not dynamically linked to a landscape simu-
lation model, and tree-level data are stored and used as
yield or look-up tables, then the required quantity is
[(NTPV) + (NS)] pieces of stored and managed data,
where P is the number of management pathways
(management prescriptions). The difference is that
with a dynamically-linked process, only the current
management prescription for each stand data needs to
be tracked, while with a static yield table system, each
potential prescription for each stand must be tracked,
regardless of whether it is even used. For our example
stand, assuming we had at our disposal six potential
management prescriptions for each stand, thus results
in 18,837 pieces of data.

The main drawbacks to storing and using tree-level
data within a landscape simulation model are the
challenges of dynamically linking a growth and yield
model or statically linking yield tables to the simula-
tion model, the amount of storage space needed to
accomplish the simulation modeling task, and the time
requirements for processing the data. Alternatively, if
tree-level data is not available as an outcome of a
growth and yield model, yet tree-level information is
needed by the simulation model, a process such as that
described by Valentine et al. (2000) could be used to
develop plausible model trees.

4.1. What measures of forest condition are desired?

One of the most difficult decisions each landscape
planning project member must make is determining,
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for timely implementation of a project, the set of forest
structural conditions that are needed to facilitate their
analyses. The number and type of variables required
by other models will depend on the complexity of
those models (Plummer, 2000). While some effort is
being made in the direct estimation of vegetation
characteristics from remote sensing (e.g. Bergen
and Dobson, 1999), data from remote sensing must
be translated into information of use to other ecolo-
gical effects models using some empirical or theore-
tical process (Plummer, 2000). Thus most measures of
vegetation characteristics are usually derived from
summaries of forest stand structure, which are derived
from forest inventory data.

Some relatively easy measures of forest condition
that can be obtained from forest inventory data or
forest growth and yield projections include summar-
izing the number of trees per unit area with certain
characteristics. For example, the number of Douglas-
fir trees per unit area with diameters >50 cm, or the
number of red alder trees per unit area with diameters
>25 cm (Table 4). These measures, D;, usually can be
made simply by examining each tree record (or stand-
table record) and deciding whether it meets the con-
ditions of the query, then summarizing and reporting
the results (Fig. 8a). Other calculations might include
measures that require information or other assump-
tions based on professional judgment (Fig. 8b). For
example, to determine the average diameter of Dou-
glas-fir trees, a minimum diameter may be required
(e.g. average of all diameters over ‘x” cm). To further
explore this, assume our example stand in Table 2 had

Table 4
Level of complexity in developing certain forest attributes for a
time series of growth and yield projects

Forest attribute Easy  Moderate  Difficult

Trees per unit area X
Basal area X
Volume X
Stand density

Canopy closure

Height of dominants

Snags per unit area X
Down log volume per unit area X

HOR KX

* If available through the growth and yield model output.
®If not available through growth and yield model output.
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Fig. 8. Process flow for (a) an easy summarization process; (b) an
easy summarization process requiring some other information; (c) a
difficult summarization process requiring a complex computational
summary; and (d) a difficult summarization process requiring GIS
analysis.

a record indicating that there were 1000 trees/ha of
Douglas-fir that had no diameter, were 0.5 m tall, and
a crown ratio of 90%. These obviously would repre-
sent small seedlings growing in gaps under a mature
forest canopy. Should these seedlings be used in
calculations of average diameter of the mature forest
stand, or should they be ignored by using a minimum
diameter (e.g. 10 cm) before a tree record is used in a
calculation such as this?

More moderately complex measures involve exam-
ining each tree record, determining the state of the
forest, then re-examining each tree record a second
time. For example, reporting the average height of
dominant trees would require examining each tree,
storing some knowledge (e.g. tree heights) in memory,
determining which trees are dominants (a subset of the
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full set of tree records), then averaging their heights. In
our example stand, we may examine the full set of tree
records, summing the number of trees/ha, then return
to the full set of tree records and locate those that
represent the tallest 25% based on the number of trees/
ha each record represents. Only those records in this
subset would be used to determine the average height
of the dominant trees.

The most difficult summaries are those that require
complex procedures (Fig. 8c and d). For example, to
examine the condition of the dead tree resources
(snags) in a forest, one may need to know which trees
died and when, as well as the condition of each of the
older dead trees, over time, which are subject to decay
and fragmentation rates particular to each species and
regional weather conditions. Thus for each live tree
record, a corresponding mortality record may be
generated each time period in a projection (as a
residual of the growth and yield modeling system).
Each of these mortality records may then be used in a
snag decay model, which determines the residual
condition of a snag based on the tree species, length
of time since the tree died, regional climate, and so on.
Some wildlife models may require D;, such as frag-
mentation indices, or interspersion and juxtaposition
measures, that are only available by passing a repre-
sentation of the landscape through models such as
FRAGSTATS (McGarigal and Marks, 1995). To per-
form this operation, the landscape may first need to be
populated with the appropriate growth and yield data,
such as assigning to each forested stand some struc-
tural characteristics such as stand age, tree height, and
average diameter.

Determining the desirable forest structural condi-
tion measures will undoubtedly be an evolving process
in which decisions are made and changed continu-
ously. Integrated landscape planning group members
must balance this indecision with the time and cost
required to facilitate producing each structural condi-
tion measure. For example, a wildlife habitat suitabil-
ity index model may require three D; (Fig. 9a),
whereas another ecological effects model may also
require three, yet not the same three (Fig. 9b). Like-
wise, as the development of ecological effects models
progresses, projects may find some D; are no longer
required by any models (Fig. 10). If, for example, 4 h
are required to develop a procedure to summarize each
D;, and to verify that the procedure works correctly,

7 ST

Wildlife
Model

o

Fig. 9. An ecological effects (wildlife) model that either (a)
requires three summary variables, or (b) also requires three
variables but not necessarily the same three.

the team must assess whether the effort of producing
certain Dj is of value to the overall project. Will an
additional D; help produce more realistic results in an
ecological response model? Is the desired D; based on
science, empirical evidence, or simply a hunch? If the
D; are changed often and, seemingly, capriciously, the
time and cost to develop D; may need to be considered
very closely. In the coastal landscape analysis model-
ing study (CLAMS, Spies et al., in press), for example,
52 D; are desired for landscape planning and ecolo-
gical effects models (Table 5).

Lo /Lo )L )L/

7%

Wildlife Wildlife
Model, Model,,

/ & / / . /
Fig. 10. Two ecological effects (wildlife) models that require three
variables, yet one summary variable is no longer required.
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Table 5
Type of forest attributes required for CLAMS project simulations and associated ecological effects models

Forest attribute

Average diameter — all trees >5 cm diameter

Average height — (1) dominant trees; (2) dominant conifers

Basal area — (1) total; (2) conifers; (3) hardwoods; (4) alder; (5) very large shade intolerant conifers; (6) small and medium shade-tolerant
conifers

Canopy closure — (1) all trees; (2) trees <2.5 cm diameter; (3) trees 2.5-24 cm diameter; (4) trees 25-37 cm diameter; (5) trees 38—49 cm
diameter; (6) trees 50-75 cm diameter; (7) trees >75 cm diameter

Canopy height index

CLAMS vegetation classes

Diameter diversity index

Down log volume — (1) all logs; (2) all logs 30-50 cm diameter (large end); (3) all logs >50 cm diameter (large end)

Oregon Department of Forestry Structural Stages

Quadratic mean diameter — (1) all trees; (2) all conifers; (3) dominant conifers

Stand age

Trees per unit area — (1) total; (2) 10-25 cm diameter; (3) 25-50 cm diameter; (4) 50-75 cm diameter; (5) >10 cm diameter; (6) >50 cm
diameter; (7) >75 cm diameter; (8) >100 cm diameter; (9) conifer; (10) conifer 50-75 cm diameter; (12) conifer >75 cm diameter; (13)
hardwood; (14) Douglas-fir 50-75 cm diameter; (15) Douglas-fir >50 cm diameter; (16) Douglas-fir >75 cm diameter; (17) western hemlock
50-75 cm diameter

Volume — (1) softwood standing volume (thousand board feet per unit area [MBF]); (2) softwood thinning volume (MBF); (3) hardwood
standing volume (MBF); (4) hardwood thinning volume (MBF)

Snags — (1) 10-25 cm diameter, >5 m tall; (2) 25-50 cm diameter, >5 m tall; (3) 50-75 cm diameter, >5 m tall; (4) >75 cm diameter, >5 m
tall; (5) >50 cm diameter, >15 m tall

4.2. What processes are available to summarize

.. A1 AZ A3
the conditions?
. . Formatting Formatting Formatting
Programs to summarize D; from growth and yield Program, Program, Program,

projections, and to place the resulting data in a format v v
compatible with a landscape simulation model or

. B B B
ecological effects model, usually are developed spe- ! z 3
cifically for each project. Too many uncertainties (i.e.

: : Growth and Growth and Growth and
changes in the number of D; desired, number of Vield Model, Yield Model, Yield Model,

growth and yield models being used) can hinder v 3 3
accommodating the development of summarization
programs in a commercial manner. In fact, a separate
compiling program may be required to bring together
summaries of a single D; from two or more sources of S;mmarize S;mmafize Ssmmafize
. . oqe rogram rogram rogram

growth and yield data (Fig. 11). If no compiling pro- Sl AL il
gram is available, one needs to be developed. For \‘L/
example, in the CLAMS project, with 52 D; desired

. T . L Compiling
and changing periodically, a special summarization Program
program had to be developed to extract from growth
and yield data each D;. Devising summarization pro-
grams is perhaps the most under appreciated task when
developing data for landscape simulation models. Pro- i ) o ]
. .- . Fig. 11. Tree-level data from multiple sources, utilized in multiple
ject managers who are sensitive to this may be more . . . . .

growth and yield models requires a variety of formatting and

effective in quickly facilitating the allocation of people, summarization processes specific to the input and output formats of
time, and other resources to meet project goals. each growth and yield model.

C, C. Cs
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4.3. Have the summarization processes been
verified?

When developing forest growth and yield data for
use in landscape planning efforts, a verification pro-
cess should be developed for each data processing step
(Fig. 12). Confirming that the correct mechanical or
mathematical processes have been performed often
involves manually comparing input and output data or
checking certain calculations. Comparing the output
from a summarization process to some other available
process is beneficial, especially if one process seeks to
emulate the results of the other.

For example, consider two snag models: (A) com-
mercially available, yet allows consideration of only
one stand at a time, and (B) a similar model con-
structed by your programmer to emulate A, yet can
process multiple stands. If several stands were pro-
cessed using both A and B, the results from B could be
verified against those from A. Matched results would

/7

Formatting
Program

No

Growth and Yes

Yield Model

No

Summarize Yes

Program

No

wildlife Yes

Model

Fig. 12. A verification process for the vegetation-modeling process.

help ensure that the results from the new summariza-
tion program (B) were similar, if not identical, to those
produced by the other available process (A). Further-
more, if multiple stands were processed simulta-
neously in B, verification of the first, last, and one
intermediate stand would be reasonable choices. In
addition, if a range of forest types were determined at
this point, verification that the summaries for disparate
forest types were correct would also provide a mean-
ingful assessment of the robustness of the summariza-
tion program.

Verification during one step of the larger modeling
process may also help locate errors at one or more
previous steps (Fig. 13). For example, applying the
summary data to a wildlife model and, subsequently,
verifying the wildlife results, may indicate some rather
subtle problems not recognized earlier in the forest
inventory data summarization process. Development

N

Formatting
Program

k)

Growth and
Yield Model

Summarize
Program

Wildlife
Model

Fig. 13. Verification may require that the vegetation-modeling
process move back more than one step, depending on the type of
error that has been located.
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and verification would then be moved a step or two
backward (Case 2 of Fig. 13) before continuing.

4.4. To what format should the summaries be fit?

The output, or summaries, of growth and yield
projections may be required in various forms for a
landscape simulation model and associated ecological
effects models. For example, depending on the devel-
opment stage of a simulation model, the summaries of
growth and yield projections must conform to the
requirements of the landscape model or vice versa.
Negotiating the interdependencies can be difficult,
especially if the summary data format seems to change
continuously. Requiring data to be formatted to certain
specifications, at certain stages of the project, means
that these data standards can help control inconsis-
tencies in the formats. Likewise, intermediate pro-
cesses may be needed to convert data to a more
desirable format. Although text-formatted tables and
ASCII files are the most rudimentary, they are also the
least worrisome, particularly when compatibility
issues are encountered with newer or older versions
of commercial database-management programs.

5. Conclusions

The dynamics of long-term forest vegetative change
are becoming a more important aspect of forest land-
scape simulation and analysis efforts. Simulation
models gain credibility when vegetation conditions
are substantively considered over time. For these
models, the level of resolution of the resulting struc-
tural conditions will either facilitate or hinder future
development of landscape modeling projects. Do all
forest landscape planning efforts need to model forest
vegetation dynamics as finely (at the tree-level) as we
have often described here? Probably not. The answer
to this question is project-specific and depends on the
project goals, project personnel, data availability, and
so on. A more interesting dilemma is whether one
should build a landscape planning model around the
limitations of a growth and yield model, or adapt the
characteristics of a growth and yield model to the
characteristics of a landscape planning model. More
than likely a portion of both ideas will shape the
evolution of a landscape modeling effort.

On a more technical level, planners should be aware
that relatively minor alterations in assumptions and
data can affect the processing (time and cost) of
vegetation data for simulation and analysis efforts.
These effects depend on the stage in the vegetation-
modeling process (Fig. 1) at which the changes must
occur, and the level to which data management has
progressed. Each change undoubtedly requires re-
verification of the subsequent data management pro-
cesses. Detailing the vegetation modeling process
should provide insight into the technical challenges
of linking projections of vegetation conditions with
landscape planning efforts. The specific challenges
and opportunities will likely vary from one project to
the next, yet those planners who are prepared will
likely experience a faster and smoother implementa-
tion of the vegetation-modeling process in landscape
planning efforts.
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